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Electronic and structural properties of Laves-phase MgZn, of varying chemical disorder
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The C14 Laves-phase MgZn, has been investigated from 30 to 36 at. % Mg. In this way chemical disorder
can be monitored over a limited concentration range and the influence on electron properties can be investi-
gated. Our studies include thermodynamic calculations of atomic configurations of Mg and Zn at off-
stoichiometric compositions, electronic-transport measurements, and electronic band-structure calculations of
MgZn,. The disorder introduced by alloying was found to be substitutional for all C14 alloys, and to have a
markedly stronger effect on resistivity and magnetoresistance, Ap(B)/p(0), on the Mg-rich side due to strain
introduced when Mg substitutes for Zn. p(7) and Hall constant were characteristic for weakly disordered
binary alloys. Ap/p of MgZn, was large, reached 6 at 4.2 K and 8 T, and decreased strongly at off-
stoichiometric compositions. The results are discussed in view of the band-structure results and in terms of
relations between atomic order and electronic properties. Several properties were found to resemble pure Zn.
An empirical correlation over more than six orders of magnitude in Ap/p was found for Zn and Zn-based

alloys.
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I. PROBLEM

MgZn-based alloys display a rich variety of intermediate
phases of varying structural complexity. Several examples
are five binary intermetallic compounds from Mg,Zn;; to
Mg,Zn;, ternary quasicrystals based on Mg-Zn with addition
of about 15 at. % Al'? or a rare-earth metal,? crystalline
approximants of these quasicrystals, and also binary amor-
phous Mg-Zn alloys. Therefore Mg-Zn is a potentially re-
warding alloy system for studies of relations between atomic
order and physical properties. This approach has rarely been
explored for intermetallic compounds, however.

To study the influence of structural order one must be able
to control disorder. Structural disorder occurs in a multitude
of different forms and cannot be simply quantified in contrast
to varying electronic disorder, where i/ €x7 can serve as a
simple universal parameter. € is the Fermi energy and 7 the
elastic scattering time. Therefore a much simplified case of
atomic disorder has been selected, viz., chemical disorder,
where changing disorder can be monitored by variation in
the concentration within the homogeneity range of a com-
pound.

The simplest one of the various Mg-Zn intermetallic com-
pounds is MgZn,, which is a C14 hexagonal Laves phase
with 12 atoms per unit cell. The homogeneity range of this
phase, roughly from 30 to 36 at. % Mg, is thus available for
variation in chemical disorder. Since the Mg atom is signifi-
cantly larger than the Zn atom, 1.60 A and 1.39 A, respec-
tively, in 12 coordinated metals,* one expects this atomic
disorder to be different on the Mg- and Zn-rich sides of
stoichiometric MgZn,.

In C14 TiFe, with a similar ratio of the ionic radii of the
constituent atoms, it was found from thermodynamic calcu-
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lations that Ti does not substitute on the smaller Fe sites, but
resides on the Ti sublattice, which is made possible by Fe
vacancy formation.> Our calculations for MgZn, indicated
instead that defects are substitutional on both the Zn-rich and
Mg-rich sides of stoichiometric MgZn,. An important factor
to make this possible on the Mg-rich side was found to be a
compression of the Mg-Zn bond lengths.

We report on results for a series of Mg-Zn alloys in the
C14 phase. Properties studied experimentally are the tem-
perature dependence of the electrical resistivity p(7T), the
Hall constant Ry(7), and the field and temperature depen-
dence of the magnetoresistance, Ap(B,T)/p(0,T). Band-
structure calculations supplement the results. In Sec II the
sample preparation and characterization is described, and the
procedures used in experiments and in calculations of ther-
modynamic properties and band structure are outlined. The
transport results are presented in Sec III. p(T) and Ry(7T)
were found to behave normally for simple metallic alloys
while Ap(B,T)/p(0,T) displayed large values and a strong
concentration dependence. The results from the thermody-
namic and band-structure calculations are given in Sec IV.
The results are discussed in Sec V. A brief summary is made
in Sec VL.

II. SAMPLES AND EXPERIMENTAL AND THEORETICAL
TECHNIQUES

A. Experiments

4 samples of C14 Mg-Zn were investigated with Mg con-
centration in the range 30 to 36 at. %. Phase-diagram inves-
tigations have shown that a variation in the composition of
the MgZn, Laves phase could be achieved only in the high-T
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region of the phase diagram at about 520 °C in the liquidus
area of the phase diagram. Therefore the out of stoichiometry
samples have been prepared by an annealing at about this
temperature, followed by a quench in order to avoid the eu-
tectic transformation.

Two samples with nominal compositions Mgs;Zng; and
MgssZngs were prepared in Gothe-Universitit, (Frankurt).
The stoichiometric sample was grown in an Al,O3 crucible
with the liquid encapsulated top seeded solution technique.
During the growing process the melt was covered with a
layer of liquid LiCl-KCl. Laue photographs showed that this
sample was a single crystal. The 35 at. % Mg sample was
grown in a tantalum crucible, heated to 670 °C and cooled
by 7.5 °C/h to 545 °C.

Two samples with nominal compositions Mgs,Zn;, and
MgssZng, were prepared at IMRAM in Tohoku University
(Sendai), by isothermal treatment in the liquidus region fol-
lowed by quenching. Both samples were kept in the molten
state at 700 °C for 3 h, cooled to 520 °C in 120 h, followed
by 24 h at 520 °C and quenching. Remaining small amount
of liquid was expelled by centrifugation with about 1000 rpm
for 20 min. Measured samples were extracted from the bot-
tom of the ingot.

The extension of the phase field of the MgZn, phase was
not known from previous phase-diagram studies. However,
possible phases which could form in off-stoichiometric
samples are known to be Mg,Zn;, Mg,Zn,,, and pure Zn. In
the samples prepared we hence systematically looked for
these phases using powder x-ray diffraction and scanning
electron microscopy (SEM). All samples except the one with
30 at. % Mg, displayed diffraction patterns with a single
MgZn, phase and homogenous SEM images. The
30 at. % Mg sample showed some amount of free Zn, be-
low about 3%, which appeared in grain boundaries.

As mentioned the stoichiometrics sample was a single
crystal. The other samples had fairly large grain sizes,
>2 mm. The lattice parameters were evaluated by Rietveld
refinements for the samples from the Gothe Universitit. For
the diffraction experiment a Mgz, sZng; 5 sample was studied.
In the other measurements single grain Mgs;Zng; was inves-
tigated. For the 30 and 36 at. % Mg samples the cell param-
eters were refined by fitting and comparing theoretical, and
observed positions of the Bragg peaks using the CELREF
software.”

The results are shown in Fig. 1. To first approximation the
lattice parameters increase linearly with Mg concentration
and at similar rates for both cell axes. The high quality of our
samples is also supported by the absence of observable peak
broadening in the reflections at large Bragg angles. In the 30
and 36 at. % Mg samples the Ke; reflections at 26=70°
have widths of 0.1° which is about the instrumental reso-
lution.

The preparation techniques in two different laboratories
were fairly similar, in particular with a slow cooling from a
higher temperature to a temperature above 500 °C. There
may nevertheless be differences in grain boundaries and de-
fect configurations in the samples. We discuss if this could
mask the effects of varying chemical disorder.

The exact chemical compositions of the samples could not
be determined by standard wavelength dispersive analysis in
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FIG. 1. a and c lattice parameters of hexagonal C14 Zn-Mg vs
Mg concentration. The straight lines show linear regression fits. The
bars show estimated errors for the Celref analyses (30 and
36 at. % Mg) and rms errors for the Rietveld refinements (32.5
and 35 at. % Mg). For the a axis the errors of the Rietveld analy-
ses are contained within the data symbols.

SEM since the variation is not much larger than the accuracy
of such measurements. We have thus characterized disorder
by the nominal composition. This hypothesis is confirmed by
the variations in the lattice parameters, which are almost lin-
ear as a function of Mg content. The only error might con-
cern MgzgZn,, for which the actual composition is likely
slightly poorer in Zn due to the small amount of Zn precipi-
tates.

Zn impurities in the Mgs,Zn;, sample would lead to en-
hanced impurity scattering. As discussed in Sec III A this
would reinforce our finding, described there, that transport
properties are more strongly affected on the Mg-rich side of
MgZn, than on the Zn-rich side. Differences in grain-
boundary configurations are not an issue. The grains are very
much larger than the electron mean-free path and grain-
boundary scattering is a minor contribution to the resistivity.
We conclude that variation in chemical order is the main
source of variation in sample properties.

Electrical measurements were made with standard dc
techniques. Contacts of silver paint were used with four con-
tacts for the resistivity measurements and five for the Hall
measurements. The Hall field £ was measured in magnetic
fields, generally up to 8 T, and in some cases to 12 T. Errors
in absolute values for the resistivity and the Hall measure-
ments were estimated to be below 15% and mainly due to
errors in the sample dimensions. The accuracy of the mag-
netoresistance measurements was generally of the order of a
few times 107 in Ap/p.

B. Calculations

To evaluate energetics of compositional variation on the
Zn- and Mg-rich sides respectively, we have combined cal-
culations with the Vienna ab initio simulation package
(vAsP) (Refs. 7 and 8) of the internal energy at T=0 K in a
2 X2 X2 supercell holding 95/96 atoms, with the embedded
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atom potential calculations of the phonon densities of states’
by diagonalization of the dynamical matrix. Finally, we made
simple estimates (without correlations beyond the supercell)
of the chemical mixing entropy.

The VASP calculations were performed with a semilocal
exchange-correlation functional in the general gradient ap-
proximation (GGA).'” Within the last decade the projector-
augmented-wave- (PAW-) GGA functional used by us or
other similar functionals are generally accepted as standard
and superior to (older) local density approximations. In the
past we have used the PAW-GGA functional for evaluation
of hundreds of binary and ternary alloy systems'' with re-
markable realism (including the Mg-Zn system), which fur-
ther supports this choice.

The calculations were converged to 7 X7 X4 Kk-point
meshes, giving 48 independent k points inside the Brillouin
zone (95/96 atoms per cell): This was about the limit of our
computational resources. The computed internal energies af-
ter full relaxation of atomic positions as well as cell shape/
volume, were taken relative to the tie-line between the ener-
gies of MgZn, and the neighboring stoichiometric
compounds Mg,Zn; (Pearson symbol mC110) on the Mg-
rich side and Mg,Zn,; (Pearson symbol cP39) on the Zn-rich
side.

For estimating entropic effects, we have worked with em-
bedded atom potentials fitted to VASP data used in a recent
combination of experimental and computational phonon
studies of MgZn,.” The supercell shape/volume obtained
from VASP optimization was used and the vibrational energy
F,;;, was calculated from the expression

SO AT

with the phonon density of states D(w) obtained in the cal-
culations.

The electronic-structure calculations are based on the
density-functional theory. For the structural relaxation and
total energy calculations we have used the VASP package.”®
For the density of states (DOSs) and the band structure of the
structurally optimized system we used the linear-muffin-tin
orbitals (LMTOs) method.'>!3 With this method a very fine
sampling of the Brillouin zone can be obtained.

III. EXPERIMENTAL RESULTS
A. Resistivity and Hall effect

The results for the electrical resistivity p(7) are shown in
Fig. 2 from 4 K to room temperature. The overall behavior is
typical for simple metallic alloys with an almost flat p(7)
below about 20 K and an increase with temperature which is
almost linear above 100 K. The displacement of the curves is
characteristic for weakly increasing electronic disorder with
deviations from the stoichiometric composition. However,
with increased electronic disorder one usually observes a de-
crease in dp/dT, and eventually a sign change, while in this
case dp/dT instead increases substantially with electronic
disorder on the Mg-rich side.

The resistivity ratio r=p(295 K)/p(4.2 K) at stoichio-
metric composition was 44, which is a large value for an
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FIG. 2. Resistivity, p(T), vs temperature for four C14 Mg-Zn
samples. The resistivity increase is more prominent on the Mg-rich
side than on the Zn-rich side of Mg33Zn¢;. Inset: the resistance ratio
vs Mg concentration.

intermetallic compound of a moderately complex structure.
This indicates high sample quality. The inset illustrates that r
decreased for off-stoichiometric compositions and more
strongly so on the Mg-rich side. Thus, a similar change in
Mg concentration gives a stronger contribution to electronic
disorder on the Mg-rich side. Likely this is due to the strain
introduced when Mg ions occupy Zn sites.

Zn impurities in the 30 at. % Mg sample do not question
this conclusion. The closely parallel curves of p(T) at 33 and
30 at. % in Fig. 2 indicate that phonon scattering is similar
and hence that temperature-dependent properties would not
be affected. If Zn impurities have contributed to temperature-
independent scattering in Mgs,Zn;, the observed p(4.2 K) is
larger and r smaller than for a sample without Zn impurities.
The conclusion that properties are more strongly affected on
the Mg-rich side than on the Zn-rich side would then be
reinforced.

The Hall field Ey was linear in magnetic field up to 8 T at
all measured temperatures and the Hall constant Ry was
evaluated from the slope of straight lines fitted to these data.
Results for Ry are shown in Fig. 3. If one estimates Ry from
—1/ne with 24 free charge carriers per unit cell one finds
|Ry|=5>10""" m3/As, much smaller than the values in
Fig. 3. However, when taking into account that nine Bril-
louin zones of MgZn, are filled and five zones have partial
charge occupancy,'* the number of mobile charge carriers
per unit cell is reduced to 6. The corresponding free electron
|Ry|=0.2X 107 m?3/As. The experimental Ry, is larger, in-
dicating that the effective number of charge carriers is further
reduced. This presumably arises due to a mixture of holelike
and electronlike Fermi surfaces in the remaining five bands.

Within measurement errors Ry was almost independent of
Mg concentration for 7=100 K. For the 36 at. % Mg
sample this is barely fulfilled. At lower temperatures Ry in-
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FIG. 3. Hall coefficient Ry(T) for C14 Mg-Zn samples. An es-
timated measurement error of 15% is shown for one sample.

creased more strongly with decreasing temperature for
MgZn, than for the other samples. At 7=100 K the results
indicate that the compensation, n;,,/n,;, is not sensitive to
varying Mg concentration and has a similar temperature de-
pendence for all samples. The temperature dependence quali-
tatively resembles pure polycrystalline Zn where Ry at 297
K was found to be about 6 107!" m?/As and roughly a fac-
tor of two larger at 77 K.

B. Magnetoresistance of stoichiometric MgZn,

The temperature dependence of the magnetoresistance
Ap(B,T)/p(0,T) for the stoichiometric sample is shown in
Fig. 4 for two orientations of current and field. For B L j and
sample plane the magnetoresistance was large and reached
above 6 at 8 T and 4.2 K (panel a). For Bllj, Ap/p was more
than an order of magnitude smaller at 4 K (panel b). A ten-
dency of saturation in Ap/p was observed for 7=50 K
when Blj. The magnetoresistance decreased strongly with
increasing temperature for both field directions.

The Laves phases are topologically close packed and a
strong anisotropy of physical properties is not expected. The
angular dependence of Ap/p is shown in Fig. 5 with the
sample rotated from the direction B L j and sample plane to
Bllj in the plane. Ap/p in Fig. 5 is sinusoidal-like, suggest-
ing that its dependence on orientation of j and B is due to a
Lorentz force j X B.

Large effects on the magnetoresistance are expected when
the electrons are able to execute several turns around the
magnetic field axis without scattering during a relaxation
time 7. With the cyclotron frequency w.=eB/m” this condi-
tion implies w,7> 1.

.7 can be estimated from

B|R
w.T= M (2)
p

by using essentially the free electron estimates of p
=m*/n*e?r and the Hall constant R;=—1/n"e. We note, how-
ever, that 7, the least known parameter in Eq. (2), has been
eliminated. With R,; at most =107 m?*/As from Fig. 3 and
the smallest value of p(T)=0.7 wu{) cm for MgZn, at 4.2 K
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FIG. 4. Magnetoresistance for the stoichiometric sample vs
magnetic field at the temperatures indicated (in Kelvin). Panel (a):
transverse magnetoresistance and panel (b): longitudinal.

from Fig. 2 one finds w,7=1.1 The large magnetoresistance
is therefore remarkable.

In the derivation of Eq. (2) it was implicitly assumed that
the charge-carrier densities in Ry and p were the same and
hence cancelled. However, both holes and electrons contrib-
ute to the conductivity but oppose each other in the Hall
effect. The effective charge densities n* in p and Ry, are thus
expected to be different and the right hand member of Eq. (2)
should be multiplied by the ratio of the effective charge den-
sities ny,,/n.,,. This correction further reduces the estimate
of w.7. We conclude that w.7<1 for all studied samples,
temperatures, and fields.

The magnetoresistance is frequently analyzed by Kohler
plots.'® In semiclassical transport theory Ap/p depends only

6 | B=8 T
= . T=42 K
= -B}x.
§ 4r ‘o 7
= %
S 2t . -
< *e B/j |
O 1 1 ..7..
0 40 80
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FIG. 5. Magnetoresistance for MgZn, at 4.2 K and 8 T at vary-
ing angles 6 between B and j.
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FIG. 6. The magnetoresistance of MgZn, vs a normalized mag-
netic field, where p,=p(295 K). Data are in the range 4.2=T
=150 K, B=8 T. Arrows show the maximum Ap/p at the tem-
peratures indicated. Inset: present data for Ap/p> 1% together with
data for pure Zn of unspecified purity (Ref. 16). The * is Kapitzas
most pure Zn sample (Ref. 17) at 30 T and 77 K. The dashed line
extrapolates the data of Ref. 16.

on the product B7, where the relaxation time #(7T)~ 1/p(T).
Hence, when alloy systems of similar charge densities and
effective masses are studied, one expects Ap/p~ fIB/p(T)]
to be a universal function. It is convenient to normalize p(T)
with a resistivity at a given temperature, say p,. The argu-
ment of f is then a scaled magnetic field. Kohlers expression

reads
o Lo ®)

This function is shown in the main panel of Fig. 6 with
the data of Fig. 4(a) and with results at 7=150 K added. Up
to 100 K the fit to Eq. (3) is excellent with minor deviations
noticeable at 150 K. The range of this fit of Ap/p over three
orders of magnitude is among the largest observed for the
magnetoresistance of pure metals and compounds.

The straight line in the inset of Fig. 6 shows results for
pure Zn from a collection of magnetoresistance results for
pure metals,'® together with the data from Fig. 4 for Ap
>1%. We have not been able to find information on the
purity of this Zn sample. These data are discussed in Sec. V.

For pure Zn, p, in Eq. (3) was taken to be the value at the
Debye temperature, ® . However, ©p for Zn and MgZn, are
both close to 330 K,!8 rather similar to the present choice of
295 K, and the corresponding correction has been neglected.

The pure Zn data obey Ap/p~[Bp,/p(T)]* with a close
to 2. This result is expected in a free electron model for a
divalent metal with equal number of electrons and holes in
two unfilled bands.'” For MgZn,, « is smaller, ~1.4 and
does not show signs of saturation up to 8 T. Within a two
band free electron model this indicates deviations from full
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FIG. 7. The magnetoresistance for C14 Mg-Zn at 4.2 K vs mag-
netic field at various magnesium concentrations.

compensation. However, such a model,!® is not compatible
with the presently observed magnitude of Ap/p and the
small values of w,.7 estimated for our sample.

C. Concentration dependence of the magnetoresistance

Another prominent feature of the magnetoresistance is the
strong concentration dependence. As shown in Fig. 7,
Ap(B,T)/p(0,T) is reduced by somewhat more than a factor
of 2 for each step in the sequence 33, 30, 35, and
36 at. % Mg. This change is again stronger on the Mg-rich
side than on the Zn-rich side.

At off stoichiometric compositions Kohlers rule fails for
all alloys studied. This is illustrated in Fig. 8 for Mg;cZng,.
Clearly the small concentration change from the stoichio-
metric composition causes significant changes in details in
the band structure. Band-structure calculations were under-
taken in order to elucidate this behavior.

10° e mrerr—r—rrrermy
42K
Mg36Zng, ﬁ/
1 & 50K
10 "¢ #;.r E
?‘j 100 K
Q‘ 2 p‘ oo
g 107¢ 20t 210K
10_3 3 ‘ Oi E
-4 Lt
| ‘ ‘ ‘
0o 100 10! 102 103
Bpy/p(T)

FIG. 8. The magnetoresistance of the Mgs¢Zng, sample plotted
in the same way as in Fig. 6. Here Kohlers rule fails.
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TABLE 1. Energetics of structural variations around C14 MgZn,. E, is the internal energy, F;, the
vibrational free energy at 790 K, F,,;, is the chemical mixing entropy at the same temperature, computed as
kgT In W. Site multiplicities are W=16 for Zn 1, W=48 for Zn2, and W=32 for Mg. Zn1 and Zn2 are the two

Zn sites in the C14 structure.

X E, Fuip Fonix F

Config. (at. % Mg) (eV) (eV) (eV) (eV)
MgZn, 33.3 0 0 0 0

Mg at Zn2 344 0.134 -0.010 -0.263 -0.139
Vac at Zn2 33.7 0.202 0.333 -0.263 0.272
Zn at Mg 32.3 0.230 -0.605 -0.236 -0.611
Mg at Znl 344 0.250 0.355 -0.189 0.416
Vac at Znl 33.7 0.442 0.133 -0.189 0.386

IV. RESULTS OF THE CALCULATIONS

A. Thermodynamic calculations

The energies for different configurations of the additional
or missing atoms at off-stoichiometric compositions were
calculated by substitution of a single atom in a stoichiometric
MgZn, 2 X2 X 2 supercell. The results are shown in Table I.
Znl and Zn2 are the two nonequivalent Zn sites in the C14
phase.

The energy E, in Table I is related to the tie-lines con-
necting stable structures of the energy-composition
Mg-Zn diagram. These energies are hence relative to
MgZn,-Mg,Zn,; or MgZn,-Mg,Zn; so we have accurately
evaluated total energies for all of these structures. The mix-
ing enthalpy (not quoted in Table I) is about —0.14 eV/atom
for all variant models, including the stoichiometric structure.

The standard way to estimate volume available to an atom
is the Voronoi construction. The “large” Mg site has
19.2 A3, and the two Zn sites have V,,,,=15.80 A’ and
15.65 A* for Znl and Zn2, respectively. This is for the stoi-
chiometric structure. Of course atomic positions relax in the
2 X2 X2 supercell upon the substitutions and the Voronoi
volumes are adjusted to the sites of an atom.

One would naively expect that the Zn sites are too tight
for the Mg atom. However, the lowest energy cost on the
Mg-rich side was found for Mg substitution on the Zn2 site
and not by Zn vacancy formation as expected. These results
are rather counterintuitive.

Mg has a similar coordination on both Znl and Zn2 sites.
It is surrounded by six Zn and six other Mg atoms, and

FIG. 9. Atomic environments (after VASP relaxation) around a
substituted Mg atom on (a): a Zn1 site and (b): on a Zn2 site. Panel
(b) has been rotated by 90° around a vertical axis in the plane of the
figure. (Mg atoms are gray.)

Mg-Zn bond lengths after VASP relaxation are nearly the
same, 2.6-2.7 A, to be compared with 3.03 A in stoichio-
metric MgZn,. We found a considerable energetic difference
for Mg substituting on Zn2 and Znl of =0.5 eV. The cor-
responding coordination shells differ mainly by the spatial
arrangement of atoms, (while radial bond lengths are practi-
cally identical). A prominent feature in Fig. 9 is that the six
surrounding Mg atoms in panel a) form an almost planar
hexagon, which in panel b) has become strongly corrugated.

The importance of vibrational entropic terms should also
be pointed out. For example, in the case of Zn substituting on
the Mg site this is the strongest energetic term, which stabi-
lizes the MgZn, compound on the Zn-rich side.

B. Electronic band structure

C14 MgZn, has space group No. 194 with 12 atoms in the
hexagonal unit cell. Figure 10 shows the DOS calculated for
the lattice parameters a=5.225 A and ¢=8.5715 A.

The changes in the lattice parameters in the C14 phase are
of order £0.1% around the stoichiometric composition, (Fig.
1). These changes in the lattice parameters have only a mini-
mal effect on the electronic structure and in a first approxi-
mation their influence on the DOS can be neglected. The
width of the band is 9.83 eV, somewhat smaller than that of
pure Zn (10.65 eV). Near the bottom of the band at around
-8 eV, the Zn d band is located. The Fermi energy falls into
a small local minimum.

10 120
_ sl 100
o
3 6f Z
ks 60 S
< N2
2 4 »
: 0 g
Q 8
2y 20
0 - L L 0

12 10 8 6 4 2 0 2
ENERGY (eV)

FIG. 10. The DOS of the MgZn, compound. The dotted curve
shows the integrated DOS (IDOS, right-hand-side scale). It cuts the
Fermi energy at 104 electrons/cell.
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The calculated result for DOS at the Fermi level of
MgZn, is 0.221 states/(eV atom). This can be compared with
experimental results for the electron specific heat y of 0.694
mJ/mole,'® corresponding to a DOS of 0.29 states/(eV atom).
The electron effective mass is enhanced, however, by a fac-
tor 1+, where \ is the electron-phonon interaction param-
eter. From the observed superconducting T, of 0.9 K,? and
the Debye temperature of 330 K,'® and taking a conventional
value of the Coulomb repulsion parameter of 0.1, one then
finds from McMillan’s 7, formula®! that 1+\=1.38. The ex-
perimental DOS at € is thus 0.21 states/(eV atom) in good
agreement with the (bare) calculated value.

Both Mg and Zn are divalent metals. One could assume
that at least in an approximation of the rigid-band model the
substitutional defects should not lead to a change of the DOS
around the Fermi level and therefore the electronic properties
of MgZn, should not be sensitive to chemical disorder. How-
ever, the situation is more complex. The Mg substitution by
the smaller Zn atom or vice versa will lead to a substantial
local deformation of the lattice and therefore one cannot as-
sume that the shape of the band remains rigid.

Electronic properties of crystals with small unit cells are
usually discussed within the semiclassical Bloch-Boltzmann
theory, where the dispersion of the bands, E,(k) plays an
essential role. For an understanding of the sensitivity of the
electronic properties to small chemical disorder the picture
of the band structure in the reciprocal space can be helpful.
Figure 11 presents the band structure E,(k) in the Brillouin
zone in the vicinity from —4 to 2 eV around the Fermi level.
The figure demonstrates that the Fermi surface should have a
very complex shape consisting of many pieces. Interesting
parts of the band structure are the paths between the high
symmetry points A, L, and H, showing dispersion of the
bands at the hexagonal faces of the first Brillouin zone. The
dispersion of the bands along AL and AH indicates that the
Fermi surface should have pockets at (or near) these faces
consisting of holes and electron carriers. In a model of two
bands (electrons and holes) the contribution to the magne-
toresistance is proportional to B> for small fields and satu-
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rates in strong magnetic fields if the compensation between
electrons and holes deviates from 1.

The disorder breaks the exact periodicity of the system. If
the same defect is periodically repeated in all unit cells then
one can expect a small shift in the bands with respect to the
Fermi energy. The system with a random distribution of the
defects can be analyzed using perturbation theory. In this
formalism the effects of disorder on the bands is to smear
them out. The disorder will also lead to a nonzero residual
resistivity of the system observed in Fig. 2. An important
contribution to the magnetoresistance may also come from
the open orbits. A failure of the magnetoresistance to saturate
in strong fields could indicate that the Fermi surface can
support open orbits. In the present case this interpretation
does not seem likely however since the angular dependence
in Fig. 5 is a smooth function of the angle between B and j
without peaks and moreover since w,.7 is small enough that
electrons would not have enough time to display such fea-
tures.

V. DISCUSSION

Three noteworthy results are discussed; substitution of
Mg on Zn sites, the similarity to the electronic properties of
pure Zn, and the strong concentration dependence of the
magnetoresistance.

A. Substitutional defects

One surprising part of our study is that excess Mg substi-
tutes on Zn sites and furthermore, that this occurs mainly at
only one of the two Zn sites, i.e., Zn2. As mentioned, this
substitution was not expected due to the large difference in
atomic radii of Mg and Zn. The shrinking in bond lengths
which makes this possible is substantial, and of order
10-13 %. As a consequence the 16-fold coordination in
MgZn, shrinks to 12-fold for the Mg-rich samples.?

The distinction between Znl and Zn2 sites is more subtle.
The Znl environment is symmetric with surrounding Mg
atoms forming a nearly flat hexagon. Zn2 is less symmetric,
and although the Mg hexagons remain they have become
strongly distorted, thus indicating stronger atomic disorder.

Mg substitution on Zn sites is supported by our results for
the lattice parameters since the rate of change in a and ¢ with
Mg concentration in Fig. 1 is equally strong on both sides of
the stoichiometric composition. This would not be expected
in a model where excess Mg is on Mg sites and additional Zn
vacancies are created. The stronger sensitivity of the resistiv-
ity and the magnetoresistance to concentration changes on
the Mg-rich side is also consistent with the stronger atomic
disorder in Mg-rich samples.

B. Similarity to electronic properties of pure Zn

It is interesting to note that several electronic properties of
MgZn, are similar to those of pure Zn. Our calculation of the
DOS of hep Zn has a quite similar shape as the DOS of
MgZn, in Fig. 10, except for a stronger modulation by van
Hove singularities in MgZn,, which results from the more
complex structure. Also in pure Zn there is a dominant d
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TABLE II. Some electronic properties of Zn and Zn alloys. a indicates amorphous, i icosahedral. State is
a brief characteristic of sample order/disorder; e.g., at-o, el-dis means electronic order and atomic disorder.

|Ap/p|™ is the largest observed magnetoresistance.

P4 K
Alloy State (€ cm) P05 K/ P4 K |Ap/ p|max Ref.
a-Mgg,7Zns3 at-dis, el-dis 50 0.97 2 1074 25 and 26
i-ZngoMgzoHo at-o, el-dis 220 0.95 4 1073 27
MgZn, at-o, el-o 0.67 44 6 This work
Zn at-o, el-o 5 1073 £50% 1000 = 50% 500 16

band at the bottom of the band and essentially paraboliclike
sp bands. The pseudogap at € is more pronounced in Zn and
the DOS at €5 is 0.199 compared to 0.221 states/(eV atom)
for MgZn,.

Furthermore, the Debye temperatures of Zn and MgZn,
differ by only 1%.'8 The superconducting transition tempera-
ture T, is 0.86 K for Zn and 0.91 K for MgZn,.?° Therefore
the electron-phonon interaction is also quite similar with a
difference in electron-phonon interaction parameter \ of be-
low 1%. The electronic specific-heat coefficients 7y differ by
about 6%.'® The notable exceptions in the present results to
this similarity with pure Zn are the significantly larger p and
Ry for MgZn,. The larger p is related to a larger scattering
rate due to disorder, and Ry is quite sensitive to details of the
band shapes and to the balance between electrons and holes.

The inset of Fig. 6 suggests that also the magnetoresis-
tance of MgZn, behaves similarly to pure Zn. At the lowest
temperature in Kapitzas data, 77 K, p,/p for the most pure
Zn sample was 5.3.'7 This value is in good agreement with
the value for pure Zn compiled by Meaden.”> Hence
DPros x/ pa x of Kapitzas most pure Zn sample can be ex-
pected to be similar to that of Meaden’s sample, which was
1000. We therefore assume that the Zn data quoted by
Kohler'® have a similar resistance ratio and allow for a sig-
nificant error in this estimate by taking psos k/ps k
=1000=£50% for the pure Zn data in the inset of Fig. 6. The
maximum of w.7 would then be in the range 5-10 depending
on the choice of Ry at low temperatures of 0.1
X107 m3/As (Ref. 15) or 0.2X 107 m>/As.2* Thus, for
pure Zn, electrons can make several turns around the mag-
netic field axis without scattering. Neglecting the difference
in slopes in the inset of Fig. 6 one can qualitatively see the
decrease of Ap/p with decreasing Bp,/p(T) in Fig. 6 as
mainly due to an increased scattering rate.

There is thus a predominance of Zn-like electronic prop-
erties in MgZn,. This is particularly suggestive for the mag-
netoresistance in the inset of Fig. 6, where the correlation
qualitatively extends over more than four orders of magni-
tude in the magnetoresistance. One may therefore conjecture
that MgZn, behaves as “generalized* Zn where the proper-
ties which can be conveniently accessed have been extended
by diluting the Zn concentration and increasing the scattering
rate.

One can compare the magnetoresistance of Zn and some
Zn alloys in the limits of poor and good atomic and elec-
tronic order. A few Zn alloys have been selected in Table II.
Mgs0ZngoHoy has the same ratio of Mg/Zn concentration as

MgZn, but 10 at. % of Ho changes structure and properties
dramatically. Amorphous Mg-Zn alloys can only be pro-
duced in the Mg-rich end of the phase diagram. The magne-
toresistance of this alloy is negative and positive for the oth-
ers. Here we are interested mainly in the magnitude of Ap/p.

The examples in Table II have been arranged in order of
increasing maximum of the observed magnetoresistance.
This is also the order of increased atomic order in the sense
of symmetry and few impurities. For the quasicrystal, p; x
does not decrease in the same sequence as atomic order in-
creases in Table II since in quasicrystals atomic order and
electronic disorder is often combined. Weak localization in
atomically ordered quasicrystals are well known and the co-
ordinates [p, g, Ap/p™*] of icosahedral Mgs,Zng,Ho,, fit
into a general correlation for the magnetoresistance in weak
electronic disorder.?

Table II illustrates that the magnetoresistance of Zn alloys
(with the exception of quasicrystals) increases with atomic
order. In this sense the result for MgZn, falls in line with the
other results and the magnitude would perhaps not be sur-
prising. However, the problem why .7 is so small for
MgZn, and how this is consistent with a large magnetoresis-
tance is left open.

C. Concentration dependence of the magnetoresistance

Experimentally the strong sensitivity of the magnetoresis-
tance to variations in the Mg concentration is evidenced both
by the significant changes in the magnitude (Fig. 7) and the
rapid change from an excellent fit to Kohlers rule for MgZn,
to break down for small changes of the Mg concentration.
(Fig. 8).

This can be due to changes in the shape of the Fermi
surface or a change in the anisotropy of the scattering time.
Our calculations have shown that a modest chemical disorder
can lead to significant changes in the electronic properties.
The experimentally observed sensitivity of the magnetoresis-
tance to small chemical disorder is in agreement with the
complexity of the electronic structure of the MgZn, com-
pound.

The change in atomic order in off-stoichiometric MgZn,
can be compared to changes of atomic order in Zn-related
samples over a wide range of varying order. The results are
shown in Fig. 12. The abscissa can in general be taken as a
measure of atomic order. However, this is not the case for
quasicrystals and this sample from Table II has been omitted.
Figure 12 shows that the strong decrease in the magnetore-
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FIG. 12. The maximum of the observed magnetoresistance vs
resistance ratio p(295 K)/p(4 K). @: samples from Table II and
A: off-stoichiometric MgZn,.

sistance for off-stoichiometric samples is qualitatively in line
with a relation between p,gs x/ps x and Ap/p over a wide
range extending over more than 6 orders of magnitude in
Ap/p.

From right to left in Fig. 12 the different forms of atomic
order and disorder are: (i) residual impurities in the clean
limit, (ii) decrease in the lattice symmetry in C14 MgZn,,
(iii) introduction of defects and strain in C14 Mg-Zn at off-
stoichiometric compositions, and (iv) loss of the lattice in the
disordered limit. It is interesting to note that the effects on a
physical property of these different types of atomic order can
be qualitatively measured by the single simple parameter

P295 K/ P4 k-

VI. BRIEF SUMMARY

Mg-Zn alloys have been studied over the range from 30 to
36 at. % Mg where the C14 hexagonal Laves phase can be
formed. For Mg-rich alloys, the larger Mg-ion substitutes on
the Zn2 site. This was found to be possible due to contraction
of the first coordination shell and the Mg-Zn bond length.

PHYSICAL REVIEW B 82, 024202 (2010)

The Hall constant was nearly independent of variations in
Mg concentration at 7= 100 K. p(7) increased with devia-
tions from stoichiometric compositions as expected for im-
purities in alloys. For stoichiometric MgZn, the magnetore-
sistance reached the large value of 6 at 4 K and 8 T. This
value decreased strongly when the Mg concentration devi-
ated from the stoichiometric composition. The large values
of Ap/p are surprising in view of the estimate of w.7 of <1.

The electrical resistivity and the magnetoresistance were
found to vary more strongly with Mg concentration on the
Mg-rich side than on the Zn-rich side of stoichiometry. This
could be traced to (i) the strong disorder and strain intro-
duced when substituting Zn by Mg on the Mg rich side, and
(ii) the indications from band-structure calculations that cer-
tain parts of the complex Fermi surface will be significantly
influenced by small changes in chemical disorder.

The band-structure calculations also indicated that elec-
tron bands at the hexagonal faces of the Brillouin zone con-
tain parts of small electron and hole pockets so that proper-
ties can change rapidly with changing concentration. This is
illustrated by the dramatic break down of Kohler’ s rule at
off-stoichiometric compositions.

The electronic properties of MgZn, in many respect re-
semble those of pure Zn. In particular, the magnitude of the
magnetoresistance and its sensitivity to varying Mg concen-
tration, were found to be consistent with the corresponding
properties for Zn and Zn alloys over a wide range from
atomically well ordered to disordered samples.
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