VOLUME 79, NUMBER 6 PHYSICAL REVIEW LETTERS 11 AcusT 1997

Sharp Feature in the Pseudogap of Quasicrystals Detected by NMR
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The Z’Al and %3%Cu spin-lattice relaxation rates were found to contain a l&fgderm over a wide
temperature range below 400 K in several thermodynamically stable quasicrystalline alloys, including
i-AlCURuU, i-AlPdRe, i-AlCuFe, and the crystalline approximant phaseAIMnSi. The relaxation
mechanism is proven to be electronic in origin. Such nonlinear temperature dependence is shown to be
a clear signature of sharp features in the density of states at the Fermi level. The estimated width of
this sharp feature is on the order of 20 meV. [S0031-9007(97)03655-7]

PACS numbers: 61.44.Br, 71.20.—b, 76.60.—k

Quasicrystals possess novel structures with long-rangBamples were vacuum sealed in quartz tubes for NMR
order and point group symmetry incompatible with peri-experiments. Thé&’Al, ®3Cu, and®Cu NMR measure-
odicity [1]. Structurally ordered quasicrystalline metal- ments were performed selectively on the central transition
lic alloys also exhibit novel transport properties, includingat 9.4 T. The signal was detected by the Hahn echo
very high electrical resistivity and semi-insulating behav-technique, and the nuclear spin-lattice relaxation rates
ior [2,3]. A pseudogap of about 0.5—-1.0 eV in width atwere obtained by the inversion recovery method [12].
the Fermi levelE; was shown both experimentally [4—8]  Figure 1(a) shows’Al spectra ofi-AlPdRe at 9.4 T
and theoretically [9] to be a generic property of quasicryswhich are characteristic of Al-based quasicrystals and ap-
tals and approximants. Such a pseudogap could contribufgoximants. The shifts in the quasicrystals and the ap-
significantly to the thermodynamic stability of quasicrys- proximant are very small with respect to the aqueous
tals, but it is too broad to account for the novel trans-Al(NO3); solution and are noticeably temperature depen-
port properties [9]. Band structure calculations show thatlent, as illustrated in Fig. 1(a).
spiked peaks and valleys of density of states (DOS) with If the spin lattice relaxation is dominated by hyperfine
widths of 10—50 meV are present in the broad pseudoeouplings between nuclear and electron spins, the inversion
gap, and such sharp features could be related to the novel
transport properties [9]. High resolution photoemission
spectroscopy (PES) reveals a broad pseudogap in sever:i
quasicrystalline alloys; however, no sharp DOS features
are observed [6,7]. Since PES only probes the near surfac
layers, sharp features in the pseudogap could be remove:
by subtle structural deviations near the surface from that of
the bulk. Subtle structural deviations near the surface have
been observed by scanning tunneling microscopy studies .
of annealed quasicrystal surfaces [10]. However, tunnel- el B BRI ok
ing spectroscopy studies of quasicrystals have provided 1000 500 i uen% (opm) -50 -1000
evidence of a sharp DOS valleyi&t with a width of about 1 eq Y : p
50 meV [8] even though this technique is also sensitive to

surface structures. In contrast to PES and tunneling spec X 93K

troscopy, magnetic susceptibility [11] and nuclear mag- [ ‘: i;g%

netic resonance (NMR) [12] studies probe bulk properties; ¥, x 223K

signatures of sharp DOS featuresfat could be revealed & V-'E . 300K 3

by these techniques. In this work, novel NMR results in « 373K ]

the quasicrystalline and approximant phases are presente « 473K

and explained, demonstrating unambiguously the presenci s : g;gg

of a sharp DOS valley at the Fermi level. 001 L v i N
Icosahedral quasicrystals #ACuw,gRU5 (i-AlCuRuU), 10! 10? 10° 10* 10°

Alg, Cos €5 (i-AlCuFe), AL Pd,oRe o (i-AlPdRe), and TT? (sK?)

the Cry_stalllr;_e e;pr(;roxwgant 'M-EMnl?-“Sllo'lt(a_AIMnStI)”. FIG. 1. (a) the?’Al spectra ofi-AlPdRe. (b) The inversion
were investigated. or comparison, two crysia Inerecovery curves of magnetizatigd versus7 which is scaled

nonapproximants, the metalli® phase AJCuFe (w-  py 72 at the corresponding temperature iRAIPdRe and
AlCuFe) and the semiconductingAu, were also studied. M* = [M(») — M(7)]/[M(*) — M(0)].
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recovery of the magnetizatio (7) associated with the
central transition for spiri— nuclei is governed by

M(7) = M.[1 — 0.057 exp(—2W;7)
— 0.356 exp(—12W, 1)

— 1.587 exp(—30W,7)], @

where 7 is the recovery time after the magnetization 4o iations from1,/27T,
The spin-lattice relaxation rate is defined.
Figure 2 shows the temperature de-

inversion.
as 1/T1 = 2W,.
pendence ofl/T; obtained by a least-squares fit of

the inversion-recovery curve with Eq. (1). The fits, asess|; ini-AlCuFEe andi-AlCURU.

tional form of M(r). The 1/?'T, data of i-AICuRu
[Fig. 2(a)] andi-AlPdRe [Fig. 2(b)] (the superscripts 27,
63, and 65 refer to?’Al, ®Cu, and ®Cu, respec-
tively) show a striking feature below 400 Ki;/?'T; is
proportional to 72 rather than to7 as observed in
w-AlCuFe. Furthermore,l/%3T; in i-AlCuRu is also
proportional to7? below 400 K [Fig. 2(a)]. Significant
o« T are also clearly visible in
-AlCuFe anda-AlMnSi [Fig. 2(b)].

The nature of the relaxation mechanism can be inves-
tigated by studying the spin-lattice relaxation®®€u and
In addition to the contri-

l

shown in Fig. 1(b), deviate from the measured curves, i, via hyperfine couplings, the spin-lattice relaxation

at long = as observed before [13,14].
temperature dependence bf7; can also be confirmed

Fig. 1(b); this procedure is independent of the func
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FIG. 2. (a) 1/%T, versusT in w-AlCuFe andi-AICuRu,

10/7°T, versusT in Al,Ru, and1/9T; versusT in i-AlICURu.
The corresponding curves are fits withy>’T, « T for w-
AICuFe and 1/T, « T? for i-AlCuRu. (b) 1/'T, versus
T in w-AlCuFe, a-AIMnSi, i-AlPdRe, andi-AlCuFe. The

corresponding curves are fits discussed in the text. The ins

shows1/2'T, data ini-AlPdRe fitted withe = 1 and & = 2,

However, the

of these quadrupolar nuclei could also originate from the
quadrupolar interaction [15]. Sinc®Cu and ®°Cu are
rlspin% nuclei with different quadrupolar momengs and
“gyromagnetic ratioy,,, the two mechanisms can be distin-
guished by measuring the rafitr; /%T;. The quadrupo-
lar mechanism leads 67, /9T, = (°*Q/%0)> = 1.14
[15], and the hyperfine interaction leads &, /93T
(®y,/%v,)? = 0.87 [15]. Atroom temperature (RT), the
measuredT; /93T, ratio is 0.80—-0.87 in-AlCuFe and
0.83-0.90 in-AlCuRu, similar to the previous report [14].
Thus, 1/%3T, and 1/%T; are dominated by hyperfine in-
teractions below RT. Sincé’Al possesses very similar

0 andy, values as the Cu isotopes, the quadrupolar con-
tribution to 1/2’T; is expected to be negligible as well.
Furthermore, the quadrupolar contribution associated with
phonons can also be estimated from the study gRAI
which has a Debye temperature comparable to all the
samples investigated here [2]. Sint&’T; in AlLRu is

at least 100 times smaller than that in all other samples
investigated here (Fig. 2), the quadrupolar contribution to
1/7T, is again expected to be negligible.

In metallic systems, the Fermi contact interaction be-
tween conduction-electron spins and nuclear spins gen-
erally dominates the spin-lattice relaxation and the Knight
shift [15]. Assuming that the characteristics of the wave
function do not change significantly ovesT aroundEp,
the Knight shift can be expressed as [15]

1
K= apr [ dEg(EE)[1 - FE)]., (2

where f(E) is the Fermi-Dirac distributiong(E) is the
DOS associated with a single spin orientation, =

(47 /3)2y2(|uz(0)])g,, where{|uz(0)|)g, is the density

of the wave function at the nucleus averaged over the
Fermi surface, and., is the electron gyromagnetic ratio.
The spin-lattice relaxation rate is given by [15]

/Ty = B f dELEFEL - fE)].  (3)
whereB, = (64/9)m3#3y2yX|uz (0))E, . Sincef(E)[1—

(E)] = —kgTof(E)/JE vanishes astE deviates from
r by a fewkpT, the temperature dependenceskgfand

as discussed in the text. Errors not indicated by error bars ardl /T1); are determined by the energy dependence(&)

comparable to the sizes of the symbols.

nearEr. In typical metals the DOS variation ne&f is
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TABLE |. A, B, «, and K, are obtained from fittingl /T versusT. The heat capacity
constanty, obtained from Ref. [2], is in units of mJg atom) ™' K2,

A (Ks)~1/2) B (KeVs)1/2) K Ko (ppm) Y
i-AlIPdRe <1.0 X 1072 0.57 = 0.05 04 = 0.1 86 = 10 0.10
i-AICURuU <1.0 X 1072 0.43 = 0.03 0.3 = 0.1 100 = 10 0.11
i-AlCuFe (32 +0.9) x 1072 0.32 = 0.03 —-0.2 £ 0.1 86 = 10 0.31
a-AIMNSi (6.5 = 04) X 1072 0.32 = 0.05 —-09 = 0.1 138 = 10 0.6
w-AlCuFe (23 +=0.1) X 107! 1.0 £ 0.1 40 = 10

small. Thus, K, is temperature independent andand (5)give(T;),TK? = [2C*(e)/C(2¢)]Cy. Thus,K, =
(1/T,)s = T. The observed significant deviations from /C;//(T;),T should be followed within 10% accuracy
1/Ty = T below 400 K indicates that the variation of over the entire temperature range below 400 Keoe %
the DOS nearEr is not small overkzT aroundEr in and within 25% accuracy fos = 1. Figure 3 shows the

quasicrystals and approximants. temperature dependence of the shift as well as fits us-
Assuming thag(E) = go + g1lE — Erl?, wheregois  ingK = K, + «+/C,/<T:T, where the parametdf, ac-
the residual DOS akr, Eq. (2) leads to counts for the orbital contribution [15] and the isotropic
K, = a,[ g0 + 2C(e)g1 (ksT)?], (4) second-order quadrupolar shift, and the parametehnar-

. 0 acterizes the deviation from the Korringa relation. The
whereC(e) = [g dxx®e*/(1 + ¢*)*, and Eq. (3) leads 0 g4 fits withk — Ko + ky/C./yTiT below 400 K indi-
(1/Ty)y = BsksT[ g3 + 4C(g)gog1(kpT)® cate that the novel temperature dependences of the Knight
2 2s shift and 1/7, are both caused by the sharp feature in
T 2C2e)giksT)™]. () he DOS at the Fermi level. Above 500 K, = Ko +
For (kgT)°(g1/g0) > 1, Egs. (4) and (5) show that ./C,//T\T overestimates th& dependence of the shift
K, = T? and(1/T,); « T'*?*, whereas the conventional because of the contribution of the atomic motionl ",
temperature dependencesKf and (1/Ty), are satisfied [12]. Ini-AlCuRu andi-AlPdRe the shifts are positive and
for (ksT)*(g1/g0) < 1. The temperature dependence Oflncrease with increasing [Fig. 3(a)]; the parametet is

1/Ty in i-AICuRu andi-AlPdRe indicates that ~ 3.  about! (Table I). Such deviation from the Korringa rela-
As shown in Fig. 2, the temperature de_pendence ofion can be explained by core polarization contributions to
1/T, below 400 K can be fit very well withl /T = K and1/7T;, denoted byk,; and(1/T;)4, respectively. In

T[A? + 4C(0.5)AB(kzT)"/?> + 2C(1)B*3T] (¢ = %)

where the fitting parametersandB are listed in Table I. 200

Since (B/A) (kgT)'/? is significantly larger than one in [T 100
i-AICURU, i-AIPdRe, andi-AlCuFe near RT, the third [ (a) o] [ wx ®)
term (which was neglected previously in a perturbation L o - E%ﬁxﬂ
treatment [12]) is comparable or larger than the seconc 180}i- AlPdRe oo . I ]‘
term in Eq. (5). Thus, the previously reported analysis i X0 O or
[12] of 1/T; data ini-AICuRu with ¢ = 2 is inaccurate. \4 B!O 0 - i- AlCuFe %
As an example, the inset of Fig. 2(b) shows that IN&, 160L o% I B .
data ofi-AlPdRe cannot be fit witk = 2 using Eq. (5). & | " ] - %

Reducing thes value below one results in reasonable fits & | O@ i} 1 -100F m"_ih -
as shown in the inset of Fig. 2(b). Overestimationdof & | \ 1 I ) |
values would result from assuming 7, « T; this could 1401- . " f th _
be responsible for the disagreement of some previously I i - AICuRu | I EEEE
reportedA values [14] with that shown in Table I. The | { 200F * AlMnSi EB_ |
absence of the third term in Eq. (5) and the assumption of 120} _ | Eu
e = 2 are responsible for the differerdt value reported : 1 n
previously fori-AICuRu [12]. The A values obtained
with ¢ = 1 are in good agreement with the measured 100es ot oty ittty
specific heat constant which is also proportional t@, 0 200 400 600 -390, 200 400 600
(Table I). The square-root power law could be found for T (K) T (K)

the DOS at Van Hove—type singularities [6]; it was also

predicted by the model of hierarchical packing of atomlc':l)G ?A\Ic(alg T(Ee) megséﬁrefa;Al ;?“;t ve&sus fhm i A|PdéR§
, i-AICURuU and the fits ofk based on the measur
Clu_?rt]eriln quasmrlyS:['FaIs [j]_-é T TK2 — ¢, with C, data ini-AlPdRe (X) and i-AlCuRu (+), as discussed in the
e orrlrzlga relation [15](7); wi text. (b) The measuredAl shift versusT in i-AlCuFe (),
(h/4mkg) (y2/v}3), is also satisfied by Egs. (4) and (5) for 4-AIMnSi (O), and the fits ofK based on the measure(d
(kgT)(g1/g0) < 1. For (kgT)®(g1/g0) > 1, Egs. (4) data ini-AlCuFe (X) andi-AIMnSi (+).
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Al alloys with transition elements, théband at the Fermi of about 0.5-1.0 eV. The observed sharp DOS valley
level could induce a core polarization hyperfine interactiorcould have significant influence on the transport properties
giving rise toK = Ky, + K, + K, with K; being nega- of quasicrystals.

tive for 2’Al. Assuming that the/-band DOS g, (E), is This work was supported by the National Science

given by g, (E) = gos + g14|lE — Er|® nearEr, expres- Foundation under Contracts No. DMR-9520477 and
sions similar to Egs. (4) and (5) can be obtairédand No. DMR-9319084.

(1/Ty)4, respectively. The deviation from the Korringa
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