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Using high-resolution electron energy-loss spectroscopy the surface-phonon dispersion of graphite has been
determined in thd'K direction over the whole energy range and the whole Brillouin zone. Born—von Karman
model calculations are used to describe the dispersion relations. An unexpected result is the splitting of the
ZA and ZO mode at theK point. Following a previously introduced procedure to foimsitu rare-earth
graphite intercalation compound&IC), which for lanthanum results in an intermediate carbide phase, we
prepared this carbidic phase and the final GIC-like phase. The carbide shows five dispersionless features that
may be attributed to Einstein modes of graphite islands. The phonon dispersion of the final phase shows the
same modes as graphite shifted in energy: softening of the optical and stiffening of the acoustical phonons
occurs. This is described within a Born—von Karman model by weakening the nearest-neighbor interaction and
strengthening the second-nearest-neighbor interaction. The evolution of the phonon dispersion gives a first hint
that the GIC-like phase may develop in two stages: first a monolayer graphene on top of the carbide and then
the very thin GIC layer[S0163-182607)06012-§

I. INTRODUCTION With lanthanum the problem arises that it forms carbides
very readily due to its chemically activeelectrons. In early
Recently there has been renewed interest in graphite inrwork on GIC'’s it has been said that due to carbide formation
tercalation compound&GIC) since a simplén situ method it is not possible to form La GI¢° And indeed upon anneal-
has been developed to prepare rare-earth GiQis paper ing the La film on top of the graphite at moderate tempera-
is devoted to the investigation by high-resolution electrontures(1000 K) a thick layer of lanthanum carbide is fornted
energy-loss spectroscofifREELS of the surface-phonon whereas in the case of Eu and Yb a carbide phase is not
dispersion relations of pure graphite in th& direction, of  observe8® at the experimental conditions applied. The sur-
its GIC-like modification with lanthanum, and of an interme- face of the carbidic phase is most likely terminated by La

diate lanthanum carbide modification. atoms® Here we will present the vibrational spectra of this
The phonon dispersion of the graph{@01) surface over carbidic phase as well.
the entire surface Brillouin zone between thandM points Further annealing at higher temperaturds00 K or

and the entire energy region was not measured before 1988ore leads to the accumulation of carbon on the carbide
when it was obtained by Oshima and co-worReusing  surface which at these temperatures is most likely(1He)
HREELS. In 1987, Wilkes, Palmer, and Willis published ansurface of thes modification of LaG (CaF, structurg.® On
HREELS study of the surface phonons of graphite as ell;top of the (La terminatedl carbide a very thina few A)
this was performed on highly oriented pyrolytic graphite, graphitic layer is formed. It has not been clear whether this
which is azimuthally disordered. To our knowledge no mea-constitutes a monolayer grapheiLG) on the carbide or a
surements exist so far in the other high-symmetry directiorfilm of GIC just a few monolayers thick! The same behav-
I'K. Here we present the determination of the surfaceior is observed for other carbides, e.g., SIC, which also forms
phonon dispersion over the whole energy range and over the graphitic layer upon heatirlg. The geometrical and elec-
whole Brillouin zone in the'K direction and show the re- tronic structure of the graphitic layer on La carbide is very
sults of a Born—von Karman model calculation describingmuch like that of alkali graphite intercalation compouhds
the phonon dispersion. Since the existing models for the phowith an ordered(v3Xv3)R30° superstructure and charge
non dispersion in graphite have been fitted aldig this transfer from the metal to the graphite layer. The superstruc-
provides an excellent check on the parametrization. Due tture is compatible with La intercalated between the graphite
the layered structure of graphite the surface phonons are b&yers or with an MLG on thé€111) surface ofe-LaC,, the
sically identical to the bulk phonoris. surface unit cell of which matches the unit cell @8xv3)
Initially the interest in the La-graphite system arose fromgraphene within 0.5%. The transferred charge occupies states
the work on the electronic structure of lanthanum GfC’  in the antibonding= bands of the graphite, which shows up
There a method has been developed to forsitu rare-earth  as a characteristic peak at 280 eV in the Auger spectra: a
GIC’s by vapor deposition of a film of the rare-earth metal, moderate peak somewhat higher in energy than the carbon
e.g., Eu, Yb, or La, onto the graphite surface followed bypeak®
thermal annealing. In the case of Eu or Yb this leads to the Monolayers of graphene have been previously investi-
formation of the corresponding intercalation compofiid. gated on—among other  surfaces—transition-metal
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carbides*~1®These systems also show a GIC-like electronic
structure. However, on these surfaces the interaction between
the graphene layer and the carbide is not due to charge
transfer—as can be seen from the Auger spectra, which do
not show the 280-eV peak or only a weak shouldledbut
due to covalent bonding between the carbon atoms in the
graphene layer and the metal atoms in the carbfid&Pho-
non dispersions have been measured for MLG’s on a number
of transition-metal carbide:'® The first observation is that
the modes detected in bulk graphite remain present in the
MLG on carbide, indicating that the structure is basically F|G. 1. Scattering geometry. Indicated are the incident afgle
unaltered. But the modes in MLG are lower in energy. Thisthe detection anglé;, the scattering angle, the incident momen-
can be modeled by the Born—von Karman model by Aizawaum k; , and the final momenturk; .
et al*® containing six coupling constants for bond stretching
between nearest and second-nearest neighbors, bond be
ing, and bond twisting. The softening of the graphite mode
in the MLG is described by a weaker coupling for all the
interactions.

On the phonon dispersion in GIC’s not much information
is available for the in-plane wave vectors. It is known that for

donor GIC S the optical phonons at tlf?epo”?t shift towards ferent incident angles are used since the energy losses at low
lower energies as compared to graphité Li-GIC the low- -

; LA o off-specular angleglow parallel momentum transferare
est acoustical mode with in-plane propagation is observed t8|earer at steep incidence whereas the losses at high off

Sh'g;?elmegfgseégieasspﬁvgfbn dispersion of the GIC_“kespecular angles are seen better at low angle incidence. The
phase of the La-graphite system in tAK direction of the sample is mounted such that the sagittal plane is along the

underlying graphite substrate as measured with HREELS anI(;IK direction.

discuss the implication for the question whether it constitutes
a very thin GIC layer or an MLG on carbide. We will show

that the dispersion relations can be described within the
model by Aizawaet al. with the appropriate choice of force A. Pure graphite: Experimental
constants.

ré!d—'lo meV. This primary energy has been chosen in order to
sprovide a parallel momentum transfer high enough to reach
the Brillouin zone boundary. The incident angle is 60°, 70°,
or 75° towards the surface normal, and the detection angle
can be varied within the sagittal plane between 75° and 10°,
that is a maximal off-specular angle of 65° (Fig. 1). Dif-

IIl. RESULTS AND DISCUSSION

Figure 2 shows a series of HREEL spectra taken at dif-
ferent off-specular anglesg, that is, at different parallel mo-
mentum transfeq,=k; ,—k; ;. Six different modes can be
distinguished: three optical ones and three acoustical

Our experiments are conducted in a UHV system withones—as one would expect for a surface with two atoms in
background pressure better thax B ' mbar equipped the unit cell. From the energy losses at different momentum
with an ELS22 HREEL spectrometer, consisting of two transfer the surface dispersion relatias(s|,) can be derived,
double cylindrical 127° deflectors, a low-energy electron dif-which are displayed in Fig. 3. The polarization of the modes
fraction (LEED) system capable of retarding field Auger is derived from calculations according to the model by
electron spectroscopfAES), and a quadrupole mass spec- Aizawa et al. (see below. The different modes are the ver-
trometer. The residual gas consists mainly gfwith small  tical acoustical mode ZA, the acoustical shear horizontal
fractions of HO, CO, and CQ. The evaporator for lantha- mode SH, the longitudinal acoustical mode LA, the vertical
num is self-made by welding a small piece of La onto aoptical mode ZO, the optical shear horizontal modé Skhd
W-Re wire immediately previous to mounting it into the the longitudinal optical mode LO. According to the HREELS
vacuum chamber. The evaporator is calibrated using a quartelection rules the shear modes should not be detected and as
microbalance. The sample holder can be heated resistivegeen in Fig. 2 the acoustical SH mode has indeed a very low
up to 1500 K and cooled down to 100 K using liquid nitro- scattering cross section. But since the crystal is a thin flake
gen. attached only at the edges some buckling might occur that

The substrate is a natural flake of graphite with high cryswould lift the selection rules. To our knowledge these are the
tallinity as seen from the clear hexagonal LEED pattern. It isfirst measurements of the surface phonons of graphif&kin
cleaved using adhesive tape in ambient atmosphere ardirection over the whole energy region. A number of models
heated in UHV to 1300 K for several hours. The purity is andab initio calculations that have been checked against the
verified by Auger and HREEL spectroscopy. results in thel'M direction also predict the phonon disper-

The GIC-like structure is prepared by depositing a 60—sion for thel'K direction: ab initio calculations in the local
100-A-thick film onto the graphite at room temperature and alensity direct approach,in the local density linear-response
subsequent successive annealing procedure. The systemajsproact’ and the bond charge mod@l.The direct ap-
heated step by step and investigated at each annealing stpmachab initio calculations give excellent agreement with
by LEED, AES, and HREELS at room temperature. our experimental data besides some peculiarities atkthe

HREELS has been performed at a primary energy of 2(point to be discussed below. Phonon dispersions obtained
eV and an energy width of the elastic reflected beam of abourom the force constant model by Aizavea al!® have been

Il. EXPERIMENT
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FIG. 3. The experimentally determined dispersion relation of
surface phonons in pure graphite. The different modes are the ver-
tical acoustical mode ZA, the acoustical shear horizontal mode SH,

0.28 (6,=60°) the longitudinal acoustical mode LA, the vertical optical mode ZO,
—————— T the optical shear horizontal mode SHand the longitudinal optical

mode LO. Triangles depict the data f@=60°, circles forg=70°,
and squares fol,=75°. Open symbols denote peaks with poor
signal-to-noise ratio. The lines represent a mere guide to the eye.
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FIG. 2. Series of HREEL spectra on pure graphite at differentagreement is already q_wte good; however, the SH, LA, af‘d
scattering angles corresponding to increasing parallel momentut%o modes are overestimated for the most part of the Bril-

transfer. Six modes can be distinguished. Different incident angle!oUin zone. Therefore we tried to find a new set of param-
were used and are given in brackets. eters that better describes the data. Although we did not use

a least-squares procedure to fit the parameters the new set
reproduces the data better, as seen by the solid lines in Fig. 4.
A comparison between the force constants used by Aizawa
et al.and our new force constants is given in Table II. The fit
for the dispersion in th& direction requires slightly lower
stretching and out-of-plane bending force constants whereas

published only for thel’'M direction. In the following we
will present our own calculations following this model.

B. Pure graphite: Calculations

The model by Aizaweet al. was derived to describe the
phonons in MLG’s on carbides. Due to the weak interactio
between the single graphite layers it describes(tueface
phonons of pure graphite as wé&il.The interactions and
forcg constants taken i_nto account are sgmmarized in Table type of interaction
The interaction potentials as described in Ref. 13 were use

n TABLE I. Interactions and force constants of the model by
Aizawa et al. For details of the interactions and the potentials refer
to Aizawaet al. (Ref. 13.

Force constant

to determine the dynamical matrix and from its eigenvaluedNearest-neighbor stretch a
the phonon dispersion. The polarization of the individualSecond-nearest-neighbor stretch a,
modes follows from the corresponding eigenvectors of then-plane bend o
dynamical matrix. As a first approach we used the force coneut-of-plane bend V2
stants found for graphite in thEM direction® and calcu-  Twist Fy
|ated the diSperSion a|0nEK. The result iS seen in Flg 4 Vertical interaction with substrate ag

(dotted line$ together with our experimental dispersion. The
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%E, e ) t. wherem is the mass of the C atoms and the other parameters
o 100 4 o mee—i-m?. ,,;Z‘O A are described in Tables | and II.
S LN The model by Aizawat al. requires ZA and ZQw, ) to
(I q ""- a . be degenerate, but the experimental evidence is clearly in
75 - . At L " favor of the splitting. The other theoretical approaches
| v Ao e “ known to us®~* also show a degeneracy of the ZA and the
{e o, SH o ZO mode at theK point.
50 1 o n:’ The model by Aizaweet al. also requires two of the four
s ° "' higher frequencies to be degenerate. From our experimental
ey ¢ data these seem to be the LO and LA mode but as seen from
251 o D'z/: Fig. 3 the experimental base is weak. It is possible to find a
] Y Sl set of parameters that results in the degeneracy of these two
0 , . , . , modes at th& point. But then the dispersion relation of LA

0.0 ' 0.5 1.0 15 K is not well described for most of the Brillouin zone. We
(A7) therefore decided to choose a set of parameters that describes
I the behavior within most of the Brillouin zone reasonably

well although th ner int might n
FIG. 4. The dispersion relation of the surface phonons in pure ell although the degeneracy at the point might not be

graphite calculated according to the model by Aizaatal. using given properly.
the parameters derived for the dispersion aldHg (dotted ling ]
and using parameters newly “fitted” for the dispersion aldrig C. Lanthanum carbide

(solid line) together with our experimental results. Upon evaporation of a rather thick La film and annealing
to 1000 K a surface layer of lanthanum carbide of unknown
the in-plane bending and the twisting force constant turnedtoichiometry is formed,indicated in LEED by av3-like
out somewhat higher. The lattice constant is not a parametefuperstructufeand in AES by the typical triplet structure.
in the case of pure graphite. Of course there needs to be|a our experiment the LEED pattern was clarified to be a
single set of parameters for both directions eventually. (1x2v3) structure and the AES showed clearly the typical
An open fundamental problem is the splitting of the ZA carbide structure. For this phase we measured the surface
and the ZO mode at thi point. The frequencies at tH¢  vibrations as well. Here we do not expect the surface
point as derived from the model by Aizaved al. are the  phonons to correlate closely to the bulk phonons as they do
following: in graphite. To our knowledge no data exist for either the
bulk or the surface phonons of any modification of lantha-
TABLE II. Actual values of force constants for pure graphite num carbide. The closest information available is the disper-
used by Aizawzet al. (Ref. 13 in comparison with our set of pa- sjon of the bulk phonons of TaC and Hf€Both materials
rameterga, in our case represents the equilibrium nearest-neighboghow strongly dispersing phonon modes with energies up to
distance whereas in the Aizawa paper a represents the lattice cogp meV. Our results for the surface phonons are shown in
stanta=v3ao; a or ao is not a fit parameter for pure graphite  Fig. 5. Five dispersionless features can be distinguished at
43, 63, 104, 121, and 205 meV. The HREEL spectra usually

Our value show a rather broad peak around 205 meV, making it diffi-

Parameter Aizawa’s value For graphite  For gic  Cult to determine the exact peak position; thus energy values
for this mode scatter a lot.

ag (A) 1.42 1.42 1.42 It is known for other semiconductors as well that the sur-
a; (N/m) 364 344 285 face phonons show very little dispersfdmhereas the bulk
a, (N/m) 62 62 100 phonons are strongly dispersing. However, the surface
7 (10719 8.30 9.3 7.6 phonons are not higher in energy than the bulk phonons. So
¥, (10719 3.38 3.08 2.2 if we assume that the bulk phonons of our lanthanum carbide
510710 3.17 4.17 7.5 here are similar to those in TaC and HfC with maximum
as (N/m) 0 0 8.5 energies around 100 meV the modes in Fig. 5 cannot all

represent surface phonons of the La carbide.
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FIG. 6. The dispersion relation of the GIC-like layer on lantha-
num carbide, annealed at 1500 K, as determined by HREELS in
comparison with the one of pure graphitiotted lines, taken from
L . . the guide to the eye from Fig).3The same modes as in graphite are

A more natural explanation is the starting formation of aypsenved with characteristic energy shifts plus an additional low-
graphitic layer forming islands on top of the carbide—thuSenergy mode. Open circles denote again loss peaks with poor
what we see here are the Einstein modes of these islandgynal-to-noise ratio.
corresponding to graphite phonons in high symmetry points.

The mode at 205 meV agrees with the LO mode atlthe graphite as seen in Fig. 6. The scatter of the data is much
point, the 104-meV one to the ZO Kt the 63-meV one to higher than in graphite. This might be due to some inhomo-

the ZA atK, the one at 121 meV might correspond to the SHgeneties throughout the sample. Still the same six modes are
mode atk. The origin of the 43-meV mode is unclear at the detected although the shear horizontal mode is not seen in
moment; it might still be a surface mode of the carbide. ~ most spectra as expected from the HREELS selection rules.
An additional mode is observed at low energies plus some
additional data points that do not agree with any of the

modes—these will be discussed below. Compared to the

With further annealing of the system to 1300 K or highermodes in graphite the modes of the GIC-like layer are shifted
temperatures a GIC-like layer—either a monolayer ofin energy. The three optical modes soften whereas the LA
graphene(MLG) or a thin layer of a graphite intercalated and ZA modes stiffen, the SH mode is hardly detected. This
compound—forms on top of the lanthanum cardidehich  is unlike the behavior observed in MLG on transition-metal
manifests itself in the LEED pattern as a clég®xv3)R30°  carbides: there all modes soft&n>
structure and in an electronic structure very much like that of ~ Still the model by Aizaweet al. can be used to describe
alkali metal GIC's(Ref. 5 indicating charge transfer from the observed modes as seen by the solid lines in Ka). 7
the metal atoms in the carbide or the GIC to the carborThe agreement for all the modes is within the experimental
atoms in the graphene layer. In our experiment we saw therror besides for the hardly detected SH mode and the split-
clear LEED pattern as well as a clear peak at 280 eV in theing of ZO and ZA modes at thi€ point. The force constants
Auger spectrum indicating the same geometrical and eleaised are shown in Table Il. The splitting of ZO/ZA could
tronic structure as in the previous experiments. Bothhave been described by using a larger Brillouin zone and
results—the LEED pattern and the 280-eV Auger peak—arg¢hus a smaller nearest-neighbor distamge But since the
fully observed already at annealing temperatures of 1300 Isplitting already occurs in graphite and since the overall fit
and do not change upon annealing to 1500 K. with the smallera; was not better than the one shown here

The surface-phonon dispersion for the GIC-like layer an-we decided to maintain the graphite lattice constant. The
nealed at 1500 K is very similar again to the one observed imearest-neighbor stretching force constant is lower for the

FIG. 5. Vibrations of the carbidic phase as measured with
HREELS.

D. La-GIC-like layer: Experiment and calculations
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225 For the GIC-like layer the ZA mode shows an energy gap
at theI” point. This is taken into account by including the
vertical interaction with the substrate, i.e#0 (cf. Table

II). In pure graphitexs equals zero due to the weak van der
Waals interaction between the layers. The energy gap of the
ZA mode is also observed in MLG on transition-metal car-
bides. There the strong interaction is due to covalent bonds
between the carbon atoms in the MLG and the metal atoms
of the carbid&**®resulting in a higher energy gap of 35 meV
compared to 20 meV here. In our case the interaction be-
tween the GIC-like layer and the substrate must be caused by
the charge transfer observed in the AES. The transferred
charge occupies the antibonding bands in the graphene,
thus weakening ther bonds and reducing the nearest-
neighbor coupling constants. Why the second-nearest-
neighbor coupling constants increase is not clear at the mo-
ment. Calculations using the bond charge mddeight help
since they explicitly include the bond electrons.

In our LEED investigation we have observed a
(V3Xv3)R30° superstructure. Therefore one expects a
smaller Brillouin zone to be reflected in the phonon disper-
sion. The Brillouin zone corresponding to th&xXv3)R30°
superstructure is shown in Fig(bJ. The M’ point of the
new Brillouin zone is located halfway betweéhandK of
the graphite Brillouin zone as indicated by the dash-dotted
line in Fig. 7@). The phonon modes should fold at this line
resulting in the dashed lines in addition to the solid lines. As
seen from this lines most of the previously unaccounted for
points can be considered as representing folded modes. The
M (V3XVv3)R30° superstructure is caused by the structure of the
K. La atoms(of the carbide or intercalated between two graph-

\' ite layers underneath every other graphene hexagon. Any

E [meV]

phonons within this La layer would be expected to show
clearly the folding at the Brillouin zone boundary &t'.

e Furthermore they should appear at lower energies than the
K graphite phonons due to the much higher mass of the La
atoms. This is most likely what we see in the low-energy

mode represented in Fig(&f by the dotted line.

In Fig. 8 we show the dispersion relation of the GIC-like
layer annealed at 1300 K as wétliamonds. It shows the
. ) . - same modes as the system annealed at 1500 K with compa-
FIG. 7. (8 The same dispersion relation as in Fig. 6 togetherrable energies for the LO, SHand ZO modes. However,

with the one calculated according to the model by Aizaatal. .
(solid lineg. The calculated dispersion relations folded according tothe LA and ZA modes agree much better with the modes of

the (V3xV3)R30° superstructure are shown as dashed lines. SmafpUré graphite. The SH mode is hardly detected. This is the
circles denote data points belonging to folded modes. The dottefirSt hint of an additional phase at high annealing tempera-

line represents a guide to the eye for the low energy m@sjeThe  tures. N(_) traces of the graphite dispersion relation are seen in
relation between the Brillouin zone for graphite and for athe carbide phase. So it seems that an MLG forms at anneal-

(V3xv3)R30° superstructure. ing temperatures of 1300 K on top of the carbide. The lay-
ered structure is then of the form(from top

. . . C(graphengLaC,(La terminatedl The charge transfer is al-
GIC-like Ia_lyer than for graphne as one might expect fromregdypcompletgq(in this phase as indicatged in the AES by
the softening of the optical modes. In contrary the secondsgy_ay peaks of the same intensity for annealing at 1300 K
nearest-neighbor stretching force constant is considerably, 4+ 1500 K. But annealing at 1500 K still changes the
higher to account for the stiffening of the acoustical mOdeSdispersion relation of the LA and the ZA mode from
The in-plane and out-of-plane bending force constants argraphite-like to higher energies. One possible reason for this
lower than for graphite, whereas the twisting force constanpehavior is the restructuring of the second layer underneath
is much higher for the GIC-like layer. This is in accord with the LaG surface, which consist of C atofr® form another

the behavior of the stretching force constants since the bengraphene layer thus forming a GIC of the struc-
ing can be considered a mostly nearest-neighbor interactioture: Qgraphitg-La(intercalateg-C(graphitg-LaC,(C termi-
whereas the twisting includes further neighbors as well. Theated. Another explanation for this two-phase behavior
cause of this behavior is discussed in the following. could be a change of yet unknown nature of the MLG itself.

(b)
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already clearly present at 1300 K annealing temperature one
would expect to see at least traces of folded bands for this
phase—as we do.

IV. CONCLUSION

The phonon dispersion relations of graphite have been
measured in th& K direction over the whole energy range.
They have been described within the model by Aizawal.

One feature that has not been accounted for yet in all the
models known to us is the splitting of the ZA and ZO mode
at theK point.

Following the procedure used before in electronic struc-
ture studies of the La-graphite system we first investigated
the vibrations in the carbidic phase and then those of the
GIC-like phase. The superstructure of the carbidic phase is
now clarified to be a(1x2v3) structure. The energy-loss
peaks in this phase show no dispersion and represent most
likely the Einstein modes of graphite islands growing on top
of the carbide.

The GIC-like phase shows again the six phonon modes
observed in graphite with the optical modes shifted towards
lower energies whereas the acoustical phonons are shifted to
higher energies. This can be accounted for within the model
by Aizawaet al. by weaker nearest-neighbor interactions and
stronger second-nearest-neighbor interactions. The nearest-
neighbor bonds are weakened by a charge transfer from the
La atoms to the graphite layer that occupies the antibonding
7 bands, as seen in the Auger spectra. The source of
strengthening of the second-nearest-neighbor bond is not
FIG. 8. Comparison of the phonon dispersion of the GIC-like Cleirffg':dtifrl]z rglf);plzn[t).honon modes due to tie3xv3) su-

layer annealed at 1500 (€ircles to the one obtained after anneal- perstructure as seen in LEED is weakly observed. An addi-
ing to 1300 K(diamonds. The dotted lines show again the graphite tional low-energy mode is attributed to a phonon in the La
dispersion relations, the solid lines the calculated phonons for th?ayer

1500 K phase, and the dashed line the mode within the La layer. At an annealing temperature lower than that of the final
Open symbols denote again peaks with poor signal-to-noise ratio. . o . .
pen sy gamnp P g GIC-like phase an additional phase is observed characterized
y the same softening of the optical modes as in the GIC-like
hase and unchanged acoustical modes. This is an experi-
mental hint that the final phase represents a thin GIC layer

and not a mere monolayer of graphene.

E [meV]

Comparison of our dispersion relations to the phonons obp
served in other GIC’s does not help to answer the questio
since hardly any information is available on the in-plane
propagating phonons in GIC’s. The optical modes sdftas
they do here or in MLG’s on carbides. And it is known for
Li-GIC that the ZA mode softei€as in MLG but unlike in ACKNOWLEDGMENTS
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