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Abstract

Model potential theory is used to calculate the
dispersion curves, the photon density of states and
the pressure (temperature) dependence of some phonon . . -
frequencies' in the Laves phase MgZn, . Since the elementa-
ry cell contains 12 atoms, - the phonon: spectrum is rather
complicated. Nevertheless, there are very remarkable
features of this spectrum, connected with low. energy
optical modes, the cagomee v1brat10ns, which show soft
mode behaviour. This may explain the singularities of
the specific heat of MgZn, and ~ CaMg at low temperatures.
Neutron scattering experiments have been carrled out at
the pulsed reactor in Dubna on polyc¢rystalline samples for
. 300K at scattering angles 75, 90, 100, 110, 120 and for
90° at temperatures 77, 300, -853, 943, 1003K -using the
time-of-~flight technique with the Be=filter in front of
the detector. The obtained density of states and its tem-
perature dependence. are in ‘good agreement with the theore-
tical predictions. This shows that the Shaw—model~potential~
method is applicable ‘even to such a complicated 1nterme—
talllc compound as: Mg2n2v~.~, Sl
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: I Introductlon 3

The phonon spectra ‘of pure metals wudely experlmentally and

in the case of non-transition metals, also theoretically have been stu- -
died in the past. It seems natural to extent these investigations to mo- -
re complicated systems; as e.g. intermetallic compounds. In the pre-- -
sent paper some results of both theoretical and experimental inves-

tlgatlons of phonon spectrain the intermetallic ‘compound MgZng are

given. Mg Zn, has the structure of one of the three Laves phases, com-
monly designated by Cl4.There is a large number of representatlvesl
of this structure type, but only very few, where both constituents are
simple metals as is' a necessary suppos|t|on of our theoretlcal pseu-
.dopotentlal treatment.
" Cl4 structures. show some remarkable physical propertles
From the mechanical: point of view they are very hard and brittle..
Nevertheless, our |nvest|gat|ons seem to show that there exist soft
optical phonon modes in MgZn. and from structure ‘considerations’ it
is seen that this should be a: generaI property of the.Cl4 phase. The
existence of soft phonon modes in the Cl4 phase also is stressed by -
specnflc heat _ measurements in_the case, of CaMg, /1] x A1, where
x stands for severaI rare earth metals /2/, and, very recently, also
for Mgz/7/.In all these cases a violation of Debye s T3 law at compa-
ratively low temperatures is found (remarkable increase. of ‘the lat-
tice .part. of the specific heat above the, 73:curve from about 5K on).’
" Moreover, at [0Kk'and 76K the specuflc heat of CaMé ;and Manz, respecti-
vely, shows:an anomaly, whnch look's I|keasecond order’ phase tran-
sition” /. There s a Jump down’in the’ speC|f|c heat ‘curve as the"
temperature mcreases It.is known from other systems (e.g. Vs 'Si;,
~which has 8-¥ type structure, 4/) that a low’ temperature second or-
der Iattlce phase transition may be connected by ‘a’soft optical pho-
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o ‘_’»non mode Since both substances CaMg,. andMan2 are non-magnetic

“and'the superconductivity transition temperature is known tobe much -

T‘*‘»‘Iower than 10K, the phase transition mentioned above may be expec-- |

~ ted also to bea lattice transition. So the existence of soft optical pho-
" "non modes in Cl4 structures also might fit this picture.

.- In the following section of this paper a more detailed dISCUS-
'ts|on of the Cl4 structure is given. In section.3 results of a model

'fﬁ.potentlal caIculatlon of phonon dispersion curves and of the phonon-

i - density of. states of MgZn, are presented. The polarlzatlon vectors of
* - some low lying modes are discussed. For zerowave-vector also the

;temperature and pressure dependence of the phonon frequencies is

'k|nvest|gated and: a lattice instability: due to one soft optical phonon .
- 'mode’is found. Incoherent neutron scattering datafor polycrystalline =~ —

. 'MgZn,samples are :given:.in section 4 and comparison with the theo-
- retical: . results |s made In sectlon 5. the work i |s summarlzed -

| 2.Structure

- The W|gner Seltz ceH of Man2 is glven |n an | 'Thé,ké‘f,é'éé'f
: elght zmc atoms per un|t ceII at posntnons S 1- el

r,=o (oo c/2 ),,ra 7_-‘—r8_. (—3ax/4 \/3ax/4 c/4),
£4=—_7 I \/3ax/2 c/4), T ;’—r _(3ax/4 \/3aX/4 c/4), | »

and four magnesnum atoms at p05|t|ons : , ’
e _(a/2 -—a/(2\/3), c(1—2z)/2), I, _(a/2 —a/(2\/3),‘ cz),

o Ig=(a2, a/(2\/‘),-cz), Vr -(a/2 a/(2\/_), -c(1—2z)/2),
with o RS S
e r~~ia 9856au,;;fc_16134au,:x 1/3 21/160

, The correspondmg Brllloum zone wuth the desngnatlon of points
.and lines used by us is givenin F|g 2. The structure has‘exactly the
same symmetry as ‘the common hcp. structure. It'is buiitby'a speC|aI
stackmg sequence of close- -packed lattice planes’ (planes of magne-
sium atoms and of zinc atoms 1 and2, respectlvely) ‘and of so-called-
cagomee planes (pIanes of zmc atoms 3 4 S and 6, 7 8 respectlvely)‘
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For understanding = of the vibrational behaviour -discussed’ later
on itiis-useful ‘also to' look at this structure from another point of
view as shown in Fig. 1. The crystal consists of:chains of double tet=:!
“rahedrons: of -zinc: atoms 2,3,4,5,1,6,7,8,13, the space between whlch
: |s f|IIed by dump beIIs of magnetlsm atoms II I2 BEAL UGS B

R : 3Mode| Potential Catcutations
f__3IMethod R R v

, The elements of the dynamlcal matr|x are calculated us|ng mo-
“deI potentlal theory in:second order’ perturbatlon (see e. g /5/ ). The -
- energy-wave-number characteristic is-.computed from the non- Iocal
“and energy depended Shaw potentlaI /6/, where the core shifts are
‘assumed to be the same as in the pure metals Mg ‘and Zn |, respec-
“tively. This’ assumptlon mlght be reasonable since Mg and. Zn have
the same vaIency and the mean atomic vqume in MgZn, ‘is nearly ;.
the. same as in the pure metals Mg and ‘Zn : The change of the core
shift in aIonmg recently was studled /7/ and found to be smaII even
in extremal cases.
Exchange and correlatlon effects are |ncluded into the energy- ;
‘wave -number characteristic by a correction factor f|rstIy suggested

by Hubbard.: We have proved our procedure to give. reasonable. re-

-sults for phonon spectra for both pure Mg'

‘?tlon factor. . -

- Because of the 12 atoms per unlt ceII the dynamlcal matrlx is

. a 36x36 matr|x Computmg its elements summatlons are ranged over .
about 800 rec|procal ‘lattice vectors. By a convergence test this is

“found to be sufficient for. an 0.] p.c. accuracy with exceptlon of the
very Iow lying branches,. WhICh are less accurate (5:p.c.). G

, The dynamlcal matrlx ‘and. from this ‘the. phonon’ frequenC|es
and poIarlzatlon vectors are caIcuIated at870 equidistantpoints. with-

~in the Brillouin zone.: ~The Brlllouun zone is’ d|V|ded into (non- regu—
lar) i tetrahedrons ‘the corners of ‘which‘are -these 870 points. The

~ contribution of each tetrahedron to the density of states is calculated
analytlcally by linear |nterpoIat|ng of the energy values at the cor-

-ners.: Then the: contrlbutlons of all: tetrahedrons are. summed (see ,
”8/ for the method) ' N er ey D

nd ‘Zn. wnth th|s correc—



32 D|sperSIon Curves:

++Thecalculated: phonon d|sperS|on curves: for some: symmetry
Imes are shown in Fig. 5. The connection of the branches is studied -~

* by  group’ theoretical compatibility’ relations.:We must say that' there:.

- are some uncerta|ntles in the connectlon of the branches:of :the upper |

part of the spectra on lines = and T . There are four symmetry ty- -
~pes on these. lines and therefore the branches are allowed to cross

- each other several times. In general, however, only the detailed dis-

tion spectrum are of phyS|cal interest.
The most mterestmg feature of the Iower part of the spectra

‘shown in Fig. 5, ‘is the existence ofextremely low lying optical bran-
ches. On the Ime A (hexagonal axis) there are four such branches in
Fig. 3 denoted by A , , A, and A5 (twofold degenerated). As is shown -

~ persion relations of the lower energy. of such’a compllcated excuta- -

“from’ the calculated poIarlzatlon vectors they belong to vibrations of .

“the’ zinc double tetrahedrons ‘as r|g|d structures Two of them gl A
,and ANy) belong to rotat|onaI vibrations’ of the- zinc double tetrahed—
'rons around the cic axis of Fig. 4, the magnesium atoms at the same

~ time being in rest. At point I" subsequent double tetrahedrons in

cZe’ direction. are in’ equal phase for the A; 'mode and in‘anti-

phase ‘for. the A4 mode. It'is seen by group theoretical anaIysus that
~the’ polarlzatlon vectors of these two branches': are completer deter-
‘mined,” by the’'symmetry, independent ’ of ‘the interionic’ potentlal .
(See 75/ %or details of the symmetry.. propertles of the spectra on
A Since the' surround|ng of ‘a given chain of, zinc double tetrahed-
‘rons” has’ a high symmetry according to the c=c 'axis'of Fig. 4, we

belleve that the soft-mode- character ofthese rotat|onal vnbratlons |

also'is a structural property mdependently of the ‘interionic. potentlal
That means, this feature of the spectra should be. _expected to be ge-
neral’ for CI4 type compounds and 'should be regarded as the cause

of "thé ‘anomalous _Iow temperature behaV|our of thespe0|f|c heat '

'of CI4 structures
“The twofold degenerated A branch belongs ,
ration of the'-Zinc double” tetrahedrons around the ‘a—a and b=b ‘axis
of Figl'4, respect|vely "The! magnetlsm dumb beIIs nod onIy very
sllghtly AH higher frequency modes’ arg, more or, Iess connected
WIth deformatlons of the zmc tetrahedrons - ‘ L

33 Temperature‘and Pressure D pe
----- of ‘the " Frequencies wat D oo :

""We "have'examined"the-‘behaviour of the’ phonon frequenCIes ‘at
p0|nt T with respect to a change of the density of the’ crystal in or-

-6
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der to study the effect of thermal expans|on or pressure on the pho—f/,
- non’ d|spers|on ‘We are now especially ‘interested in the low lying
‘branches. As is already mentioned, the summation of the contribu-

tion of 800 rec|proca| Iatt|ce vectors to the dynam|ca| matr|x isnot

sufficient.for convergence in the case of low frequencies. Therefore,
here we have summed up the contrlbutlons of 2100 reciprocal: lattice
vectors. The numerical error  then is seen to be smaller than.
2, I0“s—l also for the lowest frequencles ‘The results are shown in
Fig. 5. (The notation of the Iowestfrequencles corresponds to that of -
the lowest branches on A in Fig. 4. The difference.in the frequency
‘ values of F|g 4 andFig. 5are caused by the higher numerical exact-
ness in Fig. 5). All frequencles behave quite normal with the excep-'
tion of that of the A branch, which becomes very weak in the low
~temperature (high" pressure) limit. From this.fact one can conclude:
that the system tends to a second order phase transition, where the
normal ‘co-ordinate of the ‘A phonon; may be used as the order pa— ~
rameter. Since the actual zero of the A, frequency i is; rather sensi-
 tive to the speclal form of ‘the used model potent|al we don’t believe
that the calculation of the phase transition p0|nt is a reasonable task
at the present stage of model potential theory. It may very likely be °
that it is just this phase transition, which causes the measured ano-
maIy m the Iattlce spec1f|c heat of Manz and aIso of CaMg2/1 3/

'34 Denslty of States . y
~ The: ‘calculated- density of states is seen in F|g 6. It shows :
a many ‘peaked structure due to the large number of. |nteract|ng bran-
ches. One should’ ‘expect that this curve would become. smoothed out
rlgorously, if one would take into account line broadening due to the -
finite' lifetime of the. phonons. Thelow lying branches result in a bro-
ad peak in the low- frequency range, which causes the unusual beha-
viour of the speC|f|c heat Debye temperature lnthe temperature ran-
ge between 10K and, 25K/?/ i ST
. 4 Experlments
u 4 I Apparatu s

a cooled berylllum filter in front of the detector (|nverted geometry)
/10/.at "the pulsed reactor .in: -Dubna 711/." The neutrons of the white
beam are down scattered For the energy analys|s neutrons wnth a me-



an energy of 4, 08 meV were used The coII|mat|on is poor (0. 2) The
channel width of the time analyzer was 64 psec. The flight path bet--

o ween. moderator and sample was 20 or 3l m’ and between sample and
. detector 0.9 or 1.2'm, respect|vely This gives:an ‘energy resolution

‘(halledth of a.very asymmetrlc function/12/) of about 15 to 8% for.an

= .energy transfer of 10 to 50 meV, respectively. With the- spectrometer‘

“resolution” funct|on from /12/we folded the: theoretlcal phonon spect—

1 ‘-rum Fig. 6, and obtained the broken’ curve.

: “The’ reactor was operated with the mean thermal power of 30 kW a
"L(pulse power. of 150 MW), a pulse repet|t|on rate of 5 pulses per se-
cond and a pulse width of ‘about 100 usec for thermal neutrons.
« “Highly’ purified Mg¢Zn, was used for- preparing polycrystalllne

L samples ‘plates 200 x 200 x 5 mm 3, which were studied at 77 and -

S 300 K. Measurements on Manz at 853 943 and I003K were done W|t- o

~ hin’ a Ta" crucible’230 x 90'x 4 mm?  which had a wall ‘thickness of

0.2 mm. The temperature constance was better than =" 6K in all’ca-

. ses.’At 300K measurements were carried out atdifferent angles 45,

-60,75,90, I00 110,120 ° ; at the .other temperatures the scattering angle -
was 90 °". The scattered neutrons were counted for periods of about

| 24 hours folIowed by background counts for about 12 hours

| ‘Ef42 E xp eri m ental Resu | ts :
' "In Fig. 7 are shown time-of-flight spectra measured at room

B :1'temperature for scattering angles of 75,90, IOO 110,120°- with.a mo-

- mentum transfer () range of 1.9 to 5.3 A .and an energy transfer
',,range of 5.to 40'meV. The channel width of the time analyzer was

64y sec, and the’ maX|mum of the Be - cut-off appeared at N =506. The -

flight path's were 3l.'and 1.2'm. These spectra were corrected for

o “background, not for the reactor 'spectrum; andnormalizedto equaI

.counting’ times. Moreover,’ the ‘'spectra were averaged - over three
~ nelghbourlng ‘points. The error bars show the’ stat|st|cal errors and

" refer to the. unaveraged data: All data handlmg caIculatlons as welI as

theoretical ones have .been made W|th the computers BESM 4 and
BESM-6. -
- .-The data at 90 and backward angles of scatterlng were slgm-
~Hf|cantly more accurate than those at forward. angles owing to the an-

' gular dependence of the |nelast|cally scattered component and the lar-

: ger soI|d angle’ subtended by ‘the detectors. " " :

Figure 8 shows the time- of-flight spectra for the scatterlng
‘ angle of 90 2 ‘at temperatures 77,300,853,943 and l003K ‘The meltlng
pomt of Manz' is 863K The countlng rate mthe hlgher energy maxi-
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mum is chosen to be nearly the same for all temperatures The ori-
gins of the ordinates (arbitrary linear scale) of the d|fferent spectra
'are shlfted relatlvely to each other. .- . :
‘The'measurements at853, 943 and I003K were done WIth a shor-
ter flnght path from the. reactor to the sample (20m) than in Fig. 7.
~(3Im). Due to the heating facility and the smaller sample the measure-
ments  at temperatures higher than 300K are less accurate. The in-
tensity of the 77K measurement for ¥ < 150 is too large, due to the
eX|stence of very mtensnve satellltes of fast neutrons at S .

43Ana|ys:s and D|scuss|on .
* The ‘“incoherent scattering amplitude ofManvfor thermaI neut—
rons :is about 5% of. ‘the total ‘scattering amplitude. In"such a case:it
is-possible to get some: approximated:information-about the frequen-
cy distribution using the incoherent: apprOXImat|on which-is valid
“for high momentum transfer, extrapolatingto zero-momentum trans-
fer /13/.This is ‘exact only: for isotropically vibrating crystals.: Un-
fortunately:the:extrapolation-technique yields results with poor reso-
“lution as it involves interpolation between data points which:have to

be very. accurate: Not only background effects -but also multiple scat-

tering may severely effect the result. Furthermore th</= lack of reso- -
lution- is: inherent:in-the extrapolation ‘method / “In-a snngle

time-of-flight spectrum, especaally for .small® 0 coherence effects

~can be' pronounced’ and ‘van Hove smgularltles may be observed. If,
the . mstrumental resolutionis good enough. There is no theory yet
which gives an overall satisfying answer to these problems It seems
reasonable to suppose that the neutron data be used at one angle,
preferable for large @ , to estimate the frequency dlstrlbutlon )
since-this procedure does give good agreement in-many cases with’
frequency distributions- calculated from" d|spers|on curves, see'’ 14/
- p."337 and/15/ . We- ‘proved this on: ‘niobium comparing our results
with these obtained:from dispersion curves in/!6/; The accuracy for
peak - posntlons and the cut-off frequency is ‘much better than for |n—;
ten5|t|es of the frequency distribution at' different energies.
“The ~aim of these scatterlng experlments ‘on’ polycrystalllnej

samples ofManz ‘was to-compare the experimental obtained cut-off =~ -

frequency, the peak’ posmons ‘and thelrtemperature dependence with
the theoretical phonon spectra calculated on the baS|s of pseudopoten-; e
t|a| parameters of the pure metaIs : AT

9



ln F|g 7 the posntlon of the cut off frequenc1es (I) as weII asf e
the posltlons of the maxima (2) and (3), are. independent of the scat-
. tering angle. The change of intensity of the spectra fordlfferent ang-,

“les reflects the angular dependence (= Q’) of one- phonon processes N
"~ The angular dependence of (4) and (5) seems to be ‘a‘virtual one if we’
~ assume that the broad peak’ for 90° (N 330) has partIy coherent

" character, which is d|m|n|sh|ng with rising scatterlng angle. A -more
e detalled comparison-will be made during the discussion of Fig. 9.
The temperature dependence of the spectra of |ne|ast|callyf,
: scattered neutrons, Fig. 8, shows a'smali shift of the maxima to lo-:
wer energies’ "and broadenlng of them with increasing temperature.
At higher energies no remarkable change in the spectra measured
‘on solid and liquidM4Zn; is observed. This behaviour is connected
with . the temperature dependence ‘of the MgZnzdensity and the short
range order :in- liquid M4 Zn> and -is in accordance with other results
“-for instance /17/ . At lower energies (<< 5 meV) the spectra are’
changing ‘rapidly: wnth increasing temperature so that already in the
solid phase -at 853K no 5. .cut-off'is seen.: ‘We tried to estimate this
Iarge scattering: amplltude for lower. energies: of liquid phase on the

- basis of .the coherent scattering of Kadanov and Martin/ 18/, the mo-

- .del of Vmeyard /19/and the population of phonon states:In the flrst and
~ second case the sound velocuty and the diffusion coefficient, respec-
tively, differ by about one. order. from the known values: The estima-
~tion of  the populatlon gives more reasonable results. For more de-:

tails see/20/ Therefore we believe that at high temperatures for so-
lidMgZn'7 and the liquid phase the Iowamg cagomeewbratlons F|g 3
~ playa quite’ |mportant role..

. There is another proposal d|fferentfrom the extrapolatlon met-,
" hod for’ gettlng some information about the frequency distribution of
materlals mainly coherently. scattering neutrons/ 27/ : One has to
- average over-all Q vectors and.over all polarlzatlons of phonons.

The poncrystalllne sample quarantees the averaging over all pola- .

‘ r|zat|ons and.our poor collimation of the. second flight path causes a
.certain averaglng .over. a Q range AQ/Q=0.l to,0.07 for. energy_
changes from 5 to 40 meV, respectlvely 'Using some more orless -

rigorous assumptlons lsotrop oone atomic substance, approximated
Debye -Weller factor /20/ and rotational symmetry distribution of the

wave vectors of the, ingoing ‘and outgomg neutrons, we calculated.for
different scatterlng angles the. frequency dlstrlbutlon function ana- .
logous ‘to eq. (6) 717/ for downscattering.Using the experimental. da-.

ta from Fig. 7and taklng lnto account the reactor spectrum we get the

10



© result plotted in" Flg 9. The Ilne ftc'is the folded theoretlcal curve.";»:‘,} :
from Fig. 6. The agreement between the experimental curves espe= .

cially at 120 ~and the theoretical (ftc) is unexpectedly good. The cut- "=
- off frequencles Eg3P = (40 & 2):1012. 'sec™ and Effy=(43.7 + 2):102
~sec! . and the positions . of ‘the main maxima (3) E,3§P— 27+ 2). R
1012 sec" and E iy = (27£2):1072 'sec’!’ which-are: -rather indepen=
- dent of the data handllng procedure see F|g 7 and Fig..9, show that =

the pseudopotentlal method is-aplicable even to such comphcated

;systems as the intermetallic: compound MgZn;. Peak (5) i in'Fig.:9 is. o
- mainly due to cagomee_vibrations, _.compare Fig. 3. ‘For more detai- -

led |nformat|on however measurements on sungle crystaIs are neces-'_,‘
sary E sl s i H e B B o i ) ) i
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“Fig. I. Wigner Seitz cell of WgZns . Zn atoms are signed by adot;
the size of the balls corresponds to thermal neutron cross sections.,
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" Fig. 2. Brillouin zone of the hcp stryctuke

with all symmett;y lines " and‘points,vif‘ L
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Fig. 3. Calculated dispersion curves of MgZn, on the symmetry lin
y curves refer to twofold degenerates branches .
- and point at the abscissa to wave-vectors,for which the: calculations’ >
-are performed. The I'=T"  part hasonly illust
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Fig. 4. Rotational axis’ of the . . .
vibrations of the zn double”
 tetrahedrons according to the o
fV-V;:c_é‘:'ngmee modefsi‘A#, A, and A, .

ol —
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Fig. 5. Dependence of the phonon frequencies of MgZn, at point

I' from the volume expansion (AV/V ), the temperature atzeropres-.
sure (T) and the pressure at zero temperature (p) .
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rary units. Broken line: g(co)folded W|th the resolutlon funct|on of
the spectrometer : ‘ G L
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F|g 8. Time-of- fllght spectrum of melastlcally scattered neutrons .°
. -:onMgzZn, at the scattering angle 900 for different temperatures 77,
e ‘_300 853, 943 and 1003K:.(For details see’ Flg 7 and text). .
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