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Indication of van Hove singularities in the density of states of ZnMdY,Ho) quasicrystals
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We present a low-temperature synchrotron-radiation photoelectron microspectroscopy study of the valence
bands of single-grain icosahedral ZnMgY and ZnMgHo quasicrystals. Their valence band photoemission
spectra reveal in both cases a simple metal-type behavior with a clear metallic Fermi edge and a sharp
pseudogap feature: the spectral intensity exhibits a maximum0al eV below the chemical potential and a
subsequent decrease as the Fermi level is approached. The analysis of the pseudogap feature, based on the
band-structure hypothesis, shows that it corresponds to the van Hove singularities in the density of states
(DOS), which originate from the intersections of the isoenergetic surface with the 2221001ahtl Bragg
planes. The reconstructed density of states agrees in general trends with the theoretical first-principles DOS of
hexagonal ZnMgY approximants, and correctly reproduces the experimental vait&nbfgY electronic
specific-heat coefficient.
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I. INTRODUCTION Il. EXPERIMENT

The icosahedral ZpMg,eYe and ZnrsMg,sHo, single-

The valence-band photoemissi@PE) spectra of quasic- grain quasicrystals were grown by the liquid-encapsulated
rystals(QC’s) are usually dominated by electrons, e.g., the top-seeded solution-growth methddhe structural perfec-
valence-band structure of the most widely studied quasicrysgion of the quasicrystals was confirmed by the sharp, resolu-
talsi-AlCuFe andi-AlPdMn is determined by Cu® Fe d  tion limited, Bragg peaks of their diffraction patterns.

Pd 4d, and Mn 3 derived stategsee, e.g., Ref.)1In the Photoemission measurements were performed with the
present paper we present a photoelectron microspectrosco@if9!e-resolved scanning photoelectron microscope, at beam-
study of in situ cleaved, single-grain, icosahedral ZnMgY ine BL31 of the Swedls_h syn_chrotr_on-radlatlon facility

and ZnMgHo quasicrystals, which reveals their simple.MAX'Iab (Lund). The specimens investigated were prepared

metal-type valence bands at least down=t6 eV below the n a_form of small,~0.5 cm long, rods W'th¥.1 mn? cross
Fermi levele,. section. The samples were cleavad situ at ~2

The most interesting feature observed in PE spectra o%< 10"*% mbars and low,~90 K, temperature. The narrow
: . 9 P width (1.5 um) of the incident photon beam of the scanning
guasicrystals is the presence of a pseudogap. The pseudo

has b dicted th dcally in the I ffinti otoelectron microscope allowed us to focus the beam at
as been predicted theoretically in the inéar mutiin-in Oy, 5| jncidence on the freshly cleaved sample surface for
bital calculations of the QC energy spectrénfi,as well as

. . &8 Whi PE measurements carried out with the VG CLAM2 analyser
on the basis of the “band-structure hypothesis, Which 1,5 nted at 47.5°. The cleanliness of the cleaved QC sur-

treats the electron subsystem in QC's as a nearly freeraces was routinely monitored following photoemission from
electron(NFE) gas, affected by a weak quasiperiodic poten-the 0 2p level1°

tial. The pseudogap is assumed to be a generic feature of
quasicrystals and was observed iHAICuFe, i-AlPdMn,
d-AINiCo, and other quasicrystalsee Refs. 1,7,8, and ref- ll. RESULTS AND DISCUSSION

erences there)nThe pseudogap in experimental PE valence- The experimental valence-band PE spectra of the ZnMgY
band spectra manifests itself as a dip in the density of stateg,y ZnMgHo quasicrystals, recorded at 44 eV incident pho-
(DOY) at the Fermi level, and is usually modeled by thes, energy and about 90 K, are presented in Figa) and
Lorentzian shape as has been suggested by dal” 1(b). As can be seen, the valence-badNB) bottoms of the
The PE valence-band spectra ieZnMg(Y,Ho), consid-  quasicrystals are dominated by the Zsh $hallow core level.
ered in the present paper, indicate a distinct pseudogap strughe PE spectrum of-ZnMgY [Fig. 1(a)] above the Zn @
ture in the vicinity of the Fermi level. Compared to measure-ine shows a featureless, simple metal-type, valence band.
ments on other QC's, the pseudogap HZnMg(Y,Ho)  The small peak at ca- 6.5 eV is a “ghost” manifestation of
quasicrystals is definitely much sharper. We present here ahe Mg 2p core level(with binding energy of=50 eV) due
analysis of its structure, which reveals that the observed DO% second-order diffraction from the monochromator grating.
feature reflects the van Hove singularities predicted in théThe PE spectrum ofZnMgHo [Fig. 1(b)] shows a distinct
framework of the band-structure hypothesis. complex peak at ca. 6 eV below Fermi level, which can be
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FIG. 1. Valence-band PE spectra @j i-ZnMgY (T=93.5 K)
and (b) i-ZnMgHo (T=86.4 K) quasicrystals, antt) PE Ho 4f
line Ref. 11 in pure holmium.

easily identified as the Hof4,, complex line from its com-
parison with the PE spectra of pure holmiditmresented in
Fig. 1(c).
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FIG. 2. Experimentai-ZnMgY Fermi-level vicinity PE spectra
(T=93.5 K) recorded at various photon energias without and
(b) with background subtractioiDashed curves indicate the back-
ground. The nominal energy resolution is ca. 0.1 eV. thandi-
cates the time interval after the sample cleavage.

clear metallic Fermi edges and pseudogap features. The
spectral intensity exhibits a maximum-=a40.7 eV below the
Fermi level and a subsequent decrease @is approached.

The experimental Fermi-level vicinity PE spectra, recorded
at various photon energies and normalized to the incident
photon beam intensity, are presented in Figs) and 3. As
seen, the pseudogap feature observed remained essentially
the same when recorded at various photon energies within
the hv interval 20—60 eV. If the-ZnMgY pseudogap struc-

ture would be due to Y d derived states, the observed PE

The observed valence-band PE spectra do not manifespectral feature should strongly increase at low photon ener-
the DOS spikiness, which has been predicted theoreticallgies. Indeed, due to a pronounced Cooper minimum, the Y
(e.g., Ref. 2and which is assumed to be a unique feature of4d photoionization cross section &tv=21 eV is ca. 20
QC's, distinguishing them from other materials. However,times higher than that &tv=44 eV % However, the feature
one should note that any observation of the spikiness wawas not sensitive to the chosen photon energy. We illustrate
beyond our reach due to the experimental energy resolutiorthis separately in Fig.(®), which presents the 21-, 30-, and
which for the valence-band PE measurements was typicallg4-eV PE spectra with subtracted backgrolfrahd normal-

0.1-0.25 eV.

ized to the spectral intensity of the PE shoulder below the

Both ZnMgY and ZnMgHo quasicrystal VB spectra show pseudogap feature, at,<—2 eV. The apparent stability of
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whereRy(¢) is the “normal” DOS, without the pseudogap
structure, and®(e) is the deviation from the normal DOS.

M‘ Within the NFE approximation thé®(e) function can be
- calculated analytically®

hv=61.10 eV XY
At=59h P(g)=P 8)=N(M—1). (4
( of 2\eleg

-

Here N is the multiplicity of Bragg planes, the number of
corresponding equivalent Brillouin zone faces in usual crys-
tals, eg=%2(39)?%/2m is the free-electron energy at the
hv=43.77 eV =39 wave vectorg is the reciprocal lattice vector, which

At=1.7h corresponds to the Bragg plan&s,, andx,,,xare defined by
the following expressions:

e | e Xmin=1—[1+¢&leq+ Vaeleo+ (Al2e4)%]"?, (5)
2.0 -1.0 0.0 1.0
binding energy (eV)

1-[1+eleg— Jheleg+ (Al2e0)?]Y?

: . : . Xmax=1 1 , (6
FIG. 3. Experimental-ZnMgHo Fermi-level vicinity PE spectra max
(T=93.5 K) recorded at the photon energies=44 and 61 eV. 1+[1+eleg— Vheleg+(Al2e0)°]H?
(The nominal energy resolution is ca. 0.2 eV. Theindicates the
time interval after the sample cleavage.

for e<egg—3A, eg—3A<e<eg+3A, ande>gq+3A, re-
spectively, where\ = 2|V is the pseudogap width ang, is
. . the pseudopotential.
thei-ZnMgY pseudogap feature and the fact that it was es- ) . . .
sentially the same in bothZnMgY andi-ZnMgHo quasic- th Alth(_)ugh tre remp&ocal (Iquas?rylsltallc iﬁtt'ce vect?rsﬁrlll ical
rystals, allows us to assume that it is due first of alst@r . € reciprocal space densely, not ail of them are of pnysica
sp electrons. |mpor_tance_. The important ones can be determined from the
To analyze the structure of the negf spectra we have ggog'gﬁcf'ognzaginls ' 4;—2810';?:,' 1Wi\fleiyzer$|t\%§ 1&%
performed the convolution procedure i-ZnMgHo, respectively? lie in the close proximity of the
o 222100 and B1111Bragg planes, whose corresponding re-
I(sb):f dXR(X)fF(X)G(X—&p), ) ciprocal lattice vectors arégyy,io5=1.53<108 cm ! and
o 2031111 1.59x 10° cm™ ! (in both quasicrysta)s as de-
duced from experimental Debye-Scherrer diffractograms.
There are 60 equivalent 222100 Bragg planes and twelve
311111 ones, which make up the effective Brillouin zone,
alias the Jones zone, depicted in Figa)5 The X and Z
points, indicated on the Jones zone faces, correspond to the

) 70222100aNd %931;111V90t0r§- _ o
1 ex;{ _ (x—ep) ) @ The electron isoenergetic surface is affected by its inter-
J27s sections with the Jones zone faces. Assuming that the inter-
sections do not overlap, one can express the deviation from
The standard deviation of the Gaussian cusyat around 90 the normal DOS as
K, is essentially determined by the overall energy resolution
of the photoelectron microscope. Analyzing the PE Fermi

edge spectra of the reference gold sample at this temperature,
we have determined to be 0.1 eV(at hr=44 eV):!° this

wherel () is the observed spectral intensity, tRéx) func-

tion is proportional to the density of statd¢x) is the Fermi-
Dirac distribution function, an@(x—¢y) is the experimen-
tal resolution Gaussian function,

G(x—ep)= o

P(S)ZJ_:dS'[P22210d8')+ P311114¢")]

corresponds to a full width at half-maximum of the Gaussian y 1 (¢'—¢)? @
NI — expp ———/|,
curve of /81n2s=0.23 eV. aT oT2

Assuming that the valence bands of ZnMgY and ZnMgHo
quasicrystals are determined bp electrons, one can model where theP,,,10{¢) andP31111{&) functions correspond to
their density of states in the framework of the NFE approxi-the partial contributions of the 222100 anti1211faces and
mation, which predicts van Hove singularities due to inter-are defined by expressigd). The Gaussian convolution em-
sections of the isoenergetic surface with Bragg planes. Wheployed accounts for a possible intrinsic broadening of the QC
analyzing the pseudogap structure, it is convenient to preseehergy features. Formuldd)—(7) determine the density of

the density of states in the form states at given values of the pseudogap widths,;q0and
A311111, @nd of the broadening parametér The calcula-
R(e)=Ry(e)[1+P(e)], (3)  tions of the PE spectral intensit) were performed assum-
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FIG. 4. Near Fermi edge PE spectraiednMgY (T=93.5 K)
andi-ZnMgHo (T=86.4 K). of stategwithout broadening As seen, the feature of the PE

Fermi edge spectra at0.7 eV below the Fermi level is due
ing a linear dependence of the normal DOS in the vicinity offirst of all to theA,,,,00pSeudogap, which is located below
the Fermi levelRy(e)=b+a(e—ep). Results of these cal- the Fermi level, and is affected by the lower edge of the
culations are represented by full curves in Fig. 4 and, ag ,,,,,, pseudogap. The reconstructenMg(Y,Ho) density
clearly seen, nicely reproduce the experimental data. Thef states is presented separately in Fif)5where dotted
best fit with the least-squares technique for thenMgY  curves correspond to the partial contributions of the 222100
spectrum has been obtained at the following set of paramand 311111Bragg planes, the dashed one is their superposi-
eters: Aypo10=0.63 eV, Agyg:=1.16 eV, Aegg=0.68 eV,  tion, and the full curve shows the broadened DOS.

I'=0.23 eV, ands=0.1 eV (where Ae is the position of The van Hove singularities of the density of states, which
the Fermi level with respect to the lower edge of thg,1oo0  correspond to edges of the pseudogaps, are smoothed in the
pseudogap The analysis of theZnMgHo spectrum yielded experimental PE spectra due to the finite instrumental energy
similar values: Asss10=0.61 eV, Az111=0.98 eV, Aer  resolution and the intrinsic broadening. The determined
=0.68 eV,['=0.22 eV, ancs=0.09 eV. Note, that the val- broadening parametdr~0.22 eV corresponds to a lifetime
ues derived for the instrumental energy resolution parameteof ~3x 10 1° s, which is one order of magnitude shorter
s=0.1 eV ands=0.09 eV, actually coincide with that deter- than the electron relaxation time in pure Zn and Mg metals at
mined from the analysis of the Fermi edge PE spectra of th&7 K.
reference gold samples=0.1 eV. This confirms the logical Although the analysis of a series of PE spectra in the
consistency of the model employed. The small difference irvicinity of the Fermi level yielded actually the same param-
the two sets 0f\ 590100, Az11111, Aeg, andl’ parameters for eters of thei-ZnMg(Y,Ho) DOS, the derived pseudogap
i-ZnMgY andi-ZnMgHo is not essential, since this differ- A,s,190and Ag;1111values most probably can be considered
ence is within the error intervak=20 %, which was esti- only as rough estimates. In fact, due to the high icosahedral
mated upon analyzing PE Fermi edge spectra, recorded frosymmetry the distortions of the isoenergetic surface at inter-
various specimens of a series of cleaved samples and at vagections with individual Bragg planes may essentially over-
ous photon energies within 20—60 eV interval. lap, and in such a case the model of independent distortions
The dashed curves in Fig. 4 present the calculated densigmployed here cannot be strictly justified. A reliable deter-
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mination of the QC pseudopotentials would require PE mea- e 0.6

surements at ultrahigh energy resolution, for a more accurate g

model of the density of states, as well as independent experi- ; 0.4 llRo(S)
mental investigations, which would probe the energy spec- © ™

trum above the Fermi level. Nevertheless, we would like to 2 (
note that the valud;;,,,~1.1 eV, derived from the present = 0.

PE data, is close to the 1.25 eV value of th&nMgY ‘5’

pseudogap, evaluated from the analysis-@ghMgY optical 8

spectrat*

Figure §b) presents the density of states reconstructed
from PE data in the vicinity of Fermi level. To extrapolate
the DOS to a whole valence band, one can use expre&dion
assuming that the normal DOS is determined by the usual
free-electron formula

1
272

2m*

3/2
Iy ) Ve ®

Herem* is the effective DOS mass to be determined from
the normalization conditidf

Ro(e)=

DOS (states / ¢V atom)

n=fo de R(e), 9

wheren is the valence electron concentration, which yielded
m* =0.88m, for i-ZnMgY. The fact that the effective DOS
mass differs from the free-electron mass but is close to it,
indicates that the DOS below the 222100 anti1Bd1
pseudogaps is affected by quasiperiodic potential, but to a
lesser extent than in the vicinity of the Fermi level.

The resultingi-ZnMgY VB density of states is presented electron energy (V)
in Fig. 6(@). One can compare theZng,Mg,qYy9 QC DOS
deduced within the present model with the DOS of FIG. 6. The density of states of the icosahedrabRiyzoY e
ZNes. oMo oY 650 (ZNsoMd,eYs) hexagonal approximant quasicrystal (a) and its comparison with thgw DOS of the
calculated by the linear muffin-tin orbital techniq@€rajci 2765202826 6.52 hexagonal approximarib) (Krajci and Hafner,
and Hafnef Oshio and Ishfi). Since the atomic composition Ref- 3 and(c) (Oshio and Ishii, Ref. 4
of the approximant is rather close to that of the ZnMgY QC,
one can expect their DOS to be similar. The approximant,=0.59 mJ/(mol K), which is very close to that measured

DOS is presented in Figs(® and @c). The strong peak at on the i-ZnMgY polycrystalline samples, 0.63 mJ/(mol
the bottom of the valence band is due to the zZhshallow  k2) 15 and on the single-grain  ones, 0.623 mJ/

core level. The valence band above .it, as seen, is rather si "mo,l Kz)'m and 0.6 mJ/(mol R)_n
lar to that of ZnMgY QC deduced within the present model. Summarizing, the experimental low-temperature PE spec-

_The main differences are the s_piky structure, which is abse;!.a of icosahedral ZnMgY and ZnMgHo quasicrystals indi-
mVOUL n\w/odterll, a;dr%iccl)rcp?rzxa/ielg ivw%e D%Siﬁle ai( a;cdcz. ate their simple metal-type valence bands at least down to
eV anove he re evel cn 1s due mainy 1o ca. 5 eV below the Fermi level with a distinct pseudogap

derived states, as seen from the partial Y-DOS &/iOS feature. The analysis performed suggests that the feature is
contributions, presented separately in Figé)6and Gc). ' ySIS perio _sugg . :
due to van Hove singularities originating from intersections

The fact that the reconstructeeZznMgY QC DOS is rather . . ; :
close to the DOS calculated from the first principles, without(_)f the isoenergetic surface with the 22.2100 amdiﬂlf_aml-
lies of Bragg planes. The reconstruciednMgY density of

a priori assumption of the existence of thék) relation, is a . . .
b P &) states agrees well with the main DOS features derived from

sound support for the present model. . e .
Thei-ZnMgY DOS obtained can be used to evaluate thethe first-principles calculations for hexagonal ZnMgY ap-

electronic specific heat, which, as known, is determined’foXimants and reproduce the correct valuei@nMgY

lel he D | he Eermi electronic specific-heat coefficient.
solely by the DOS value at the Fermi energy, The model proposed does not exclude the possibility of

3 the localized electron states in Znk¥Ho) quasicrystals.
¢=7T, y=3R(ep k2. (100 The eventual partial localization is indirectly indicated by the
short lifetime of the electron states of the order of 10s, as
The R(ep)=0.25 (eVatom) ! value obtained within our well as by the effective DOS mass reducing density of states
model[Fig. 6(a)] corresponds to the Sommerfeld coefficient below the Fermi level.
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