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Temperature-dependent single crystal x-ray-diffraction studies revealed a reversible first-order phase transi-
tion in ErSi,. The high-temperature phase adopts the orthorhombiSigtiype structure, and the low-
temperature phase has the monoclinig&igiGe,-type structure. Unlike the magnetic/martensitic transition in
Gd;Si,Ge,, the structural change in E3i, is not coupled with a magnetic transition, and the structural
sequence below room temperature is just the reverse. A vibrational mode that breaks half of the interslab
silicon dimers and rotates slabs in the monoclinic structure, thus lowering the symmetryPfnoma to
P112, /a, has been identified using Landau theory. While the monoclinic phase is electronically stabilized at
low temperatures, the orthorhombic phase is entropically preferable at high temperatures.
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INTRODUCTION is annealed between500 and~ 750 K, it irreversibly trans-
_ . forms into the orthorhombic G®i,-type phasél?? From
The 1967 studies oRsSi, and RsGe, phases R=Gd,  the Gibbs free energy/entropy relationship this is indeed the
Tb, Dy, Ho, and Ex* were followed by the discovery of the expected structural transition. Both theoretical predicfibns
giant magnetocaloric effect in @8i,Ge, thirty years and our ongoing studies indicate that the high-temperature
|ater.2_4 A magnetIC/martenSItIC transition that occurs in monoclinic-to-orthorhombic transition may be triggered by
GdsSi,Ge, around 300 K makes it a promising candidate for changes in the Si/Ge site occupancies. In view of the present
near room temperature magnetic refrigerafimttempts to  day knowledge, a system that allows full decoupling of the
understand this unusual phenomenon and a quest for neyyystal structure from chemical composition and magnetic
materials exhibiting similar properties have led to a broadield effects, while preserving the structure-temperature rela-
research effort targeting RsSi;—xGe, and related tionships, is highly desirable for testing forthcoming theoret-
compounds*°A considerable body of knowledge, accumu- jcal models. Recent studies of the physical properties of
lated during the last seven years, enables a much better Upr_Si, indicated a first-order phase transition around 200 to
derstanding of the central problem pertaining tos&iglGe, 230 K without any magnetic orderirfd.In this work, we
and related phases, namely, an intimate relationship betwegftesent crystallographic and electronic structure analyses of
chemical composition and crystal structure, and a strong dehis transformation. We were able to observe temporally and
pendence of the latter on temperature, magnetic field, angpatially resolved transformation of the monoclinic and
pressuré:®>" Ferromagnetic ordering in G8i,Ge, is  orthorhombic lattices, which provides multiple clues for un-

coupled with structural changes: the low-temperature ferrogerstanding the mechanism of the transition at the atomic
magnetic polymorph adopts an orthorhombic;Sig-type  |evel.

structure withT-T dimers between slabsT (represents Si
and Ge atoms mixed together in the corresponding lattice
site9; the high-temperature paramagnetic form has a mono-
clinic G&Si,Ge-type structure, in which half of th@-T A barlike crystal (0.0X0.02<0.1 mn?) was extracted
interslab dimers are brokéfi.The T-T bond cleavage and from the bulk Ek oSi, alloy prepared by arc melting of er-
associated slab movement by0.2 A can be controlled bium and silicon. Room temperature x-ray-diffraction data
through the Ge/Si ratio, magnetic field, temperature, andMo K« radiation were collected in a reciprocal hemisphere
pressure:171° on a Bruker SMART Apex CCD diffractometer. Low-
Among many of the unusual features of the magnetictemperature data were collected at 173, 203, 208, 213, 222,
martensitic phase transition in €8i,Ge, is the fact that the 223, 228, 233, and 243 K in a reciprocal sphere on a Bruker
low-temperature structure has a higher symmetyniha SMART 1000 CCD diffractometer with M& « radiation;
than the high-temperature structur®1(l2,/a), although the temperature was stabletal K with respect to the value
temperature dependence of the Gibbs free energy on entroggt for an experiment. The data were harvested by collecting
dictates the reverse structural sequefic€alculations by three sets of 606 frames with 0.3° scanssimvith an expo-
Choeet al?® and later by Pecharslat al?! have shown that sure time of 10 s per frame. The range @fé&tended from
this phase sequence arises from the large magnetic exchang to 57°. Integrated intensities were extracted and then cor-
coupling, which is optimized in the orthorhombic phase duerected for Lorentz and polarization effects through shaent
to higher valence electron concentration available for metalprogram?* For the twinned crystal, orientation matrices of
lic bonding. The magnetic exchange energy is sufficientlythe two twin components were used during the integration
large to overcome the unfavorable entropy contribution evermnd intensities of the overlapping reflections of the two com-
near room temperature. However, if monoclinicsSgGe,  ponents were not separated. The unit cell dimensions were

X-RAY CRYSTALLOGRAPHIC STUDIES

0163-1829/2004/694)/14410213)/$22.50 69 144102-1 ©2004 The American Physical Society



Y. MOZHARIVSKYJ et al. PHYSICAL REVIEW B 69, 144102 (2004

TABLE |. Crystal data and structure refinements of & .

Temperature, K 203) 2931)

Space group P112 /a? Pnma

Lattice parameters, A a=7.3460(9) a=7.2838(6)
b=14.3752(18) b=14.3627(11)
c=7.55719), y=92.9922)° c=7.5943(6)

z 4 4

Density (calculated, g/cn?  7.907 7.931

Index ranges —9=<h=9, —19<k=19, —9=<I<9 —-9=h<=9, —18<k=17,-9=<I<10

Independent reflections 3610 989

Completeness to 2=57° 96.2% 97.1%

Data/parameters 3610/84 989/47

Goodness-of-fit orF? 1.003 1.195

Final R indices[1/o(1)>2] R;=0.0434,wR,=0.0709 R;=0.0259,wR,=0.0572

R indices(all data R;=0.0753,wR,=0.0761 R;=0.0284,wR,=0.0582

Extinction coefficient 0.00052) 0.000677)

Largest diff. peak/hole, e./A 3.245/-2.935 2.076+2.165

8Standard setting for the monoclinic structure B2 /cl with a=14.3752(18), b=7.55719), c
=7.3460(9) A, 3=92.9922)° and can beachieved through the following cyclic permutation of the unit
cell vectorsa, b, c—b, c, a. The above settingR112, /a) is used so that a direct comparison can be made
with the orthorhombic structure.
bSymmetry equivalent reflections are treated as independent during the twin refinement.

refined using all observed Bragg reflections after integrationfrom the phase diagram of the Er-Si systérassuming a
The empirical absorption correction for the untwinnedfully stoichiometric EESi, phase.

crystal(above 222 K was based on modeling a transmission

surface by spherical harmonics employing equivalent reflec- EXPERIMENTAL RESULTS AND DISCUSSION

tions with I/o(1)>3 (programsapass®?); for the twinned

crystal(below 222K it was done by modeling a transmission ~ Monoclinic twin law and components at 203 K and below

surface of each twinned component by spherical harmonics Bragg reflections observed at 208K, could not be in-

using overlapping and nonoverlapping equivalent reflectiongiexed in the orthorhombic lattice observed at room tempera-
with 1/o(1)>3 (program TwiNABS?Y. The structure solu-

tions were obtained by direct methods and refined=érby TABLE II. Atomic and equivalent isotropic displacement pa-
the full-matrix, least-squares methdgrogram SHELXL?").  rameters .y, A2) for ErsSi;. (Anisotropic temperature factors
The atomic parameters for the monoclinic polymorph at 173and other crystallographic details can be obtained from the authors
203, 208, and 213 K and for the orthorhombic structure atpon request.
223, 228, 233, 243, and 293 K are within three standard
deviations from one another for the same symmetry. Thé\tom xla y/b Zc Ueq
structural data for the monoclinic crystal at 203 K and for the 203 K
orthorhombic crystal at 293 K are listed in Tables | and Il.

Since the crystal was extracted from the off- BrlA ~ —0.00355(7) ~ 0.59762) 0.180318)  0.00431)

stoichiometric Eg osSiy alloy, potential deficiencies on the Si ErlB  0.0178%7) 0.90164)  0.180898)  0.00421)
sites were verified. Relaxing the Si occupancies during th&r2A  0.328967) 0.122394)  0.1783%8)  0.00331)
final refinement cycles for the room temperature data did nofr2B  0.353467) 0.379204)  0.166548)  0.00391)

lead to lowerR values and the occupancy factors wereEr3 0.174049) 0.253414)  0.506247)  0.00381)

within two standard deviations from unity: 1.9 for Si1,  SilA  0.151%5) 0.03993)  0.47135  0.00398)
0.972) for Si2, and 0.9®) for Si3. Two more crystals were SilB  0.20025) 0.45843)  0.463%5)  0.00539)
randomly extracted from the samesgsSi, alloy and their ~ Si2 0.04574) 0.24893)  0.10874)  0.00388)
x-ray diffraction data were collected at room temperature Si3 0.29105) 0.24813)  0.86844)  0.00488)
The refinements yielded no statistically significant deviations 293 K

of the occupancy factors from unity, thus indicating that theErl 0.01987) 0.596143) 0.180164) 0.00841)
crystal compositions can be represented asSkr Defects  Er2 0.3229%5) 0.1232@3) 0.178644) 0.00721)

on Si sites, if any, are too small to be detected using x-rayr3 0.1547%6) 1/4 0.511796) 0.00722)
diffraction technique due to unknown displacement paramsii 0.15403) 0.03912) 0.47033) 0.00936)
eters of the Si atoms. It is worth noting that the third crystalsj2 0.02624) 1/4 0.10484) 0.00936)
produced additional diffraction spots that were indexed assi3 0.27314) 1/4 0.87044) 0.00856)

hexagonal EjSi; (program GEMINI?%), which is expected
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(000) reciprocal lattices coincide almost exactly at=5n (k'
=—1/5h—Kk).

The volume ratio between the two twin components of the
60" same crystal was refined at the same temperature during
ﬂ ﬂ J ﬂ ﬂ A ﬁ ﬂ ﬁ e three independent cooling cycles and at three different tem-

peratures during the first heating. The twin ratio remains con-
b’*  p* stant within three standard deviations after the orthorhombic
to monoclinic transition took place, e.g., during the first heat-

ing the fraction of the minor component was 0.250at 173

aza K and 0.2541) at 203 K. The twin ratio, however, changes
¢ upon cycling through the transition, e.g., the fraction of the
minor component at 203 K was 0.284, 0.3231), and

b » c’ b 0.2321) after the first, second, and third cooling, respec-
tively. Despite considerable changes in phase volume, the
FIG. 1. () Projections of reflections with>2c(1), —2<h  repeated orthorhombic-to-monoclinic transition had no ap-
<2, —5<k=5, —9=<I<9 on thea*b* plane in the reciprocal parent damaging effect on the crystal: it remained intact after
space. The open circles represent the reflections from the dominafi{e third cycle. These two observations indicate that the
monoclinic twin component, the solid circles show the reﬂectionstwinning can originate at any point in the orthorhombic lat-
from the secondary twin component and solid squares represent thze, but once the monoclinic structure is formed, there is no
fully overlapped reflections that belong to both componefis.  transformation between the two monoclinic lattices. Another
Monoclinic twin law in EgSi, below 222 K. Thea axis is the twin interesting feature is that the twin ratio was never close to
axis. 1:1, thus indicating that, at least for this particular specimen,
twinning is not a stochastic process: there was always a
ture. Analysis of the reflections witt=20(1) indicated that  dominant component and a minor component.
they can be assigned to two monoclinic lattices wath
~1/7.35A, b*~1/14.37 A, c*~1/7.56 A, and y* ~87° Formation of the orthorhombic lattice and disappearance
(Fig. 1). The two lattices are superimposed in tifec* plane of the monoclinic lattices
and they can be mutually transformed through 180° rotation After the first cooling and during the subsequent heating,
around the normal to the*c* plane, i.e., by 180° rotation the temperature was increasgdbK from 220 to 223 K and
around thea axis in real spacgsimilar twinning was ob- diffraction data were collected at each fixed temperature
served in GgSi,Ge, (Refs. 18, 2§|. The two reciprocal lat- point. The orthorhombic EBi, phase appeared 25 min after
tices coincide wheh andh’=5n, n=0, 1, 2[see Fig. 13)].  the temperature was raised from 221 to 222 K. It developed
Overlapped reflections with=h’=5n do not differ in  abruptly from the dominant monoclinic twin component,
Shape from nonover|apped reflections withand h’ #5n, which is called Co_mponent | thereafFer, .bl.lt not from the mi-
indicating a nearly perfect superposition of the two lattices af?or monoclinic twin component, which is called component
these reciprocal points. The remaining reflections are welll thereafter(Fig. 2). Although the orthorhombic lattice de-
separated, indicating a pseudomeroh&dredtational twin ~ Veloped suddenly from the component |, further separation
with respect to the axis (rotation by 180° around thgL00] between the two lattices occurred for the next 8 min. While

A *
crystallographic direction As illustrated in Fig. tb), the the monoclinic twin components have a comnidrc* plane
twin law, i.e., a matrix transforming the axes of one twin in reciprocal space, the orthorhombic lattice shares only the

component into those of the other, is c* axis Wlth. the mono_cllnl_c latticefFig. 3@)]. _The ortho
rhombic reciprocal lattice is rotated around in the way

that the angle betweeat,,, | andagy,is 1.3°[Fig. 3@)], and

the angle betweeby,,, | andbgy, is 1.7°, which is due to

the fact thaty},,,= 180~ ymor~=87° andyj,,=90°.

During the transformation, all observed reflections could
be indexed to the two original monoclinic lattices and the
orthorhombic lattice as seen from the inset in Figr)3The
lattice parameters of the two coexistent phases were obtained

~—b— ga, by the least-squares method from reflections collected when
the three lattices were well separated spatially, which oc-
c'=—c curred 2 b 8 h after the temperature was stable at 222 K. The
results for the monoclinic phase include both twin compo-
) 1 0 0 nents Amon= 7-3703), Bmon=14.40%6), Cmon
a a =7.575(3) A, Ymon=92.991)° and ag="7.29%2), by
b’ -3 —1 0 [|b]. =14.3774), Coup=7.604(2) A. From the mutual orienta-
c’ 0 0o -1 c tion of the reciprocal lattices, the twin laws in direct space
were obtainedFig. 3(b)]. The monoclinic components | and
The same matrix describes th&l—h'k’l’ transformation Il are rotation twins around tha axis, and their axial trans-
in reciprocal spacé?°and because of this twin law, the two formations are described by the matrix discussed above. The

a'=a,

b
b’'=—-b+2a

—|COS
a Y

=—b—0.2046
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FIG. 2. Initial appearance of the orthorhombic phase at 222 K. FIG. 3. (a) Mutual orientation of the reciprocal lattices of the
The 2 —3 2 Bragg reflection from the monoclinic component | dominant monoclinic twin componefidpen circles, component, |
develops a shoulddr) 25 min after temperature stabilization. The the minor monoclinic twin componeiftsolid circles, component)l|
2 —3 2 Bragg reflection corresponding to componento)l shows  and the orthorhombic componeigtray circles of the E&Si, crystal

no broadening. The reflections are 16 times magnified. at 222 K. The inset shows fitting the observed reflections, repre-
sented by crosses, with>2¢(l) and —2<h<-1, —1=<k=<1,
orthorhombic lattice shares only tlseaxis with both mono-  —9<|<9 to the three latticegb) Schematic representation of the

clinic components, and since there is a discontinuous changein laws in real space. The twin axis between the two monoclinic
in the lattice parameter@ feature intrinsic to any first-order components is tha,q, axis. Thec axis is common for both mono-
transition), no matrix can be derived to account for the axial clinic and orthorhombic phases.
transformation between the monoclinic and orthorhombic
lattices. temperature was stabilized at 222 K. The transition was sud-
When a fraction of the orthorhombic component in-den since the two consecutive frames, 20 s apart in time,
creased, a similar fraction of the monoclinic component lexhibited a different number of lattices. From that moment
decreased, but the amount of the monoclinic component lbn, only reflections of the orthorhombic lattice were present
did not change with time as long as two phases coexisted &t the diffraction pattern of this single crystalline specimen
222 K. The fraction of each component was estimated byf Er;Si,. This time dependence of the completion of the
comparing intensities of strong nonoverlapping reflectionphase transition at 229) K is quite unusual and may be
(at least three reflections withor k=3) measured over four related to larger that 1° temperature fluctuations. It is pos-
narrow time intervals. Indeed, this estimate is based on thsible that the abrupt transformation after 10.3 h was caused
assumption that the strong reflections in the orthorhombidy a short increase of the cooling gas temperature, or by a
phase are similar in intensity to the same ones in the mondew degrees fluctuation in the temperature of the environ-
clinic phase€?’*°-32Right after the orthorhombic lattice was ment.
formed (about 30 min after the temperature increase, which
is the reference point herénhe ratio between the orthorhom-

. T . Ph iti
bic and monoclinic | components was (28 after 4.5 h it ase transition

was 0.212), after 7.8 h 0.3®), and after 9.5 h 0.3Q). As illustrated in Fig. 5, both the magnetic susceptibility
During the last 2.5 h at 222) K no significant changes in (measured on a Lake Shore magnetometad heat capacity
the component ratio were detected. (measured using a semi-adiabatic heat-pulse calorijneter

9.5 h after the temperature was raised, the reflections dfrsSi, indicate a phase transition between205 and
the monoclinic component Il were observed closer to the~235 K on heating. Furthermore, presence of hysteresis in
reflections of the orthorhombic phase than they were earliethe inverse magnetic susceptibility during cooling and heat-
(Fig. 4). At the same time, the lattice of component | showeding is indicative of a first-order nature of the transformation.
no noticeable distortion. Finally, the monoclinic phase trans-The physical properties agree well with crystallographic data
formed abruptly into the orthorhombic phase 10.3 h after thedescribed in the previous section. As also indicated in Fig. 5,
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310-3mon I 25 4000
< 20
S 3000
310 -3 orth g 2
S 15 2
= o
3-103 mon_II g 12900 2
i g 101 Te2
5.063 o
: I 1000
a 5
310-3mon_I % 50 100 150 200 250 300
Temperature (K)
31023 orth FIG. 5. Heat capacity of EBi, measured on heating in zero
-5 ort magnetic field(open circles, left-hand scaleand inverse magnetic
susceptibility measured in a 10 kOe magnetic field on both heating
3-103 mon_II (open triangles and cooling(closed triangles, right-hand scale

The arrows indicate the direction of temperature change. The verti-
cal dash-dotted line indicates the temperature at which the phase
transition process has been monitored using single crystal diffrac-
tion experiment.

FIG. 4. Distortion of the monoclinic lattice Il towards the ortho-

rhombic lattice 9.5 h after the temperature was stabilizedRe- transition point if one recalls a gradual development of the

flection 3—10 3 of the monoclinic twin component Il comes close orthorhombic and distortion of the monoclinic Il lattices,

to reflection 3 10- 3 of the orthorhombic componertb) The same which occur 0ver.a.ln e.xtender‘d-period of tim_e at 222 K.

reflections are more separated 2 hour earlier. The reflectiof in The O-M transition in EgSi, is fully reversible as shown

and (b) are observed ap=180° and 270°, respectively. by cycling through the transition temperature. Similar to the
Gd;Si,Ge, phase, this transformation is remarkable in a

the low-temperature polymorph of erbium silicide will be sense that it involves breaking and forming covalentlike

referred to as the: form and the high-temperature modifica-

4
44

tion is named thgg form. The x-ray single crystal refinement i ]

yielded stoichiometric EfSi, within the experimental errors T OL—EI'SSi4 : B—Er5814

and confirmed an orthorhombic €8l,-type structure for the 14.404

B form. The a modification has a monoclinic G8i,Ge, ] i b
structuré®* The temperature-induced structural change in 14,36 I/l;[\x\ I -
ErsSi, can be also monitored through lattice parameteig. ' T

6). Discontinuous variations of the unit cell dimensions at E

222 K, as well as sudden formatidior disappearangeof o 14822 | F
Bragg reflections corresponding to different lattices, supporta 7.0 L"¢ c N

the notion that the transition is a first-order one. A large § ; o
change in the parametef0.819) is consistent with the data § 756 E

from related systems undergoing similar orthorhombic- § | t///‘f‘\*— !

monoclinic (O-M) distortions, e.g., Gsbi, ,Ge, alloys £ i

with x~218 A few degrees below and at the transition point, =  7:52= i =
all lattice dimensions exhibit significant nonlinear increases 7 364 i{:

before relaxing to their respective final values. Furthermore, Y//.-.*\‘/ !

the lattice parameters of both the orthorhombic and mono- :

clinic phases in the vicinity of the phase transformation tem- 7327

perature(222 K) are always smaller than those more than 5 H a

K away from the transition temperature. Cheeal>® ob- 7.28- =t —

served a similar decrease in tagparameter below the tran-
sition temperature for a G8&i; sGe 5 single crystal. Al-
though the natures of these anomalies are at present
unknown, presence of intermediate states might be an expla- FIG. 6. Lattice parameters as functions of temperature deter-
nation. Existence of some intermediate states for both thenined during heating from 173 to 293 K. The dashed line indicates
orthorhombic and monoclinic lattices is rather obvious at thehe transition temperature of 222 K.

T T T T T T T T T T T T T T
160 180 200 220 240 260 280 300
Temperature (K)
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FIG. 7. Crystal structures of orthorhombic
B-ErsSi, and monoclinic a-ErsSiy, projected
along theb andc axes. The top projections em-
phasize the Er (334) nets with the Er3 in
pseudotetragonal and Si2-3 in trigonal prismatic
voids. In a-ErsSi, half of the Sil-Sil dimers be-
tween the slabs are broken.

B-Er.Si, (Pnma) o—Er.Si, (P112 /a)

bonds between Si atoms. Such solid state, first-order phase one neighboring slab. Thus, the monoclinic structure can
transitions typically occur with changes in much weaker in-be obtained from the orthorhombic structure, when alternat-
teractions, such as hydrogen bondhiy or van der Waals ing layers of Si1-Sil dimers are broken as adjacent pairs of
forces®® because changes in covalent bonding often result islabs shift in opposite directions along theaxis as illus-

the irreversible formation of a new phaSeReversibleD-M trated in Fig. 8a) (dg.s=2.55 A in the orthorhombic struc-
distortions were also observed in other related sysfengs, ture increases to 3.28 A between the slabs where the Si1-Sil
RsSi,_,Ge, R=Gd, Th, Dy(Refs. 38, 39, 18, yet several bonds have been broken, while the distance slightly shortens
features distinguish the transition inJSi, from those for to 2.49 A where the dimers are still intacThis pathway
the other members of this family of materials. First, the ob-yields an untwinned crystal. On the other hand, if two adja-
served sequence of structures iR%j is unusual in that the cent layers of Sil-Sil dimers are broken, then two equivalent
erbium silicide is the only known phase, where the reversiblenonoclinic cells with different orientations are generated
O-M transition occurs upon cooling below the room tem-[Fig. 8b)]. The two monoclinic lattices share tlee plane
perature, and is not coupled with the magnetic ordering. Se@nd are related by a 180° rotation around ¢hexis. One
ond, previous examples of tl@ M transition were observed interesting feature of this model is that a single false shear
in the systems containing both Si and Ge, i.e., in those whermovement of the slabs will generate a macroscopic mono-
there is an additional degree of structural freedom providedlinic twin. If there are many such irregular movements, mi-
by the potential variability of Si and Ge occupancies of thecroscopic twins are obtained. Single-crystal x-ray diffraction
respective sites. Third, although s5Si, is twinned, as are provides experimental data integrated over the volume of the
Gd:Si,Ge, (Ref. 18 and G4Si; Ge, 5,>>theO-M twin law  entire specimen, and, therefore, offers no way of distinguish-
in Er;Siy appears to be different. ing whether twinning is macroscopic or microscopic in
ErsSi,. We can assume, however, that if one fault can de-
velop, the chances are that more random faults will occur. In

Atomic model for twinning in monoclinic Er 5Si,

The orthorhombic ESi, structure is built from nearly
identical 3434 nets(in Schldfli notation) of Er atoms(Fig.
7). Two such nets are placed over one another alongbthe
axis to form two-dimensional slabs with Er3 in pseudotet-

ragonal and Si2-3 in trigonal prismatic voids. Whereas in

B-ErsSi, each slab is linked through Sil1-Sil dimers with
two neighboring slabs, ia-ErsSi, each slab is bonded only

addition, selective area diffraction experiments on mono-
clinic GdSi,Ge,, which has a similar structure and twin-
ning, indicated microscopic twinnirfg.

Coexistence of the orthorhombic and monoclinic phases

Presence of several crystalline domains of the same phase
in a single crystal, as in monoclinic £3i,, is a rather com-
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ments were sufficient to shift the equilibrium and trigger the
formation/disappearance of the orthorhombic/monoclinic lat-
tices, respectively.

Based on the orientations of the monoclinic and ortho-
rhombic lattices in the EBi, crystal[see Fig. &)], we can
model the interface between tlheand 8 forms. Conceptu-

ally, the transition between the two structures during heating
is the reverse to the one in Fig(@, but the actual pathway
is somewhat different. The two double slabs of the mono-
clinic structure do not just slide along tleeaxis, they also

[ ] =
L]

S
S

ﬁ °|:° rotate slightly around the axis[Fig. 9@)]. As can be seen in
- Fig. 9b), it is possible to stack the G8i,-type fragments
< o over the GgSi,Ge,-type ones. However, due to the tilt be-
I_—_-l—-’ l:l tween the slabs of the two types, the fusedplane cannot
~ N~ a e % e be infinite; at some point it has to jump to the next slab in
order to propagate in the same direction. A stacking fault
- . T must form and the two phases must be separated by a domain
- I | I boundary along théo direction. This is different from the
- . = = orthorhombic-monoclinic coexistence in €8} G5, In
< o4 < < which the orthorhombic SgGe;-type and monoclinic
‘—l I_ | Gd;Si,Ge,-type structures share tae plane
: ~_ Twinning e
I:] c— - —9 Landau theory, normal modes, and structural transition
" in ErsSiy
‘—l I | I To understand th®-M transition on the atomic scale we
e Mo Yo Mo performed a symmetry analysis of the vibrational modes in
«—| I | I ErsSi,. A normal mode responsible for the observed symme-
e g try lowering can be identified from the space groups of the
= - low- and high-symmetry structures. Such analysis is possible
because the two space groupamaandP112 /a are in a
~ %S b >~ 0% group-subgroup relationship. Using Landau theédf? it is

B . possible to show that th®&,; mode would produce the
B~Ex,Si, (Pnma) P112 /a cell of the correct basis from th®nma space

FIG. 8. (@ Untwinned pathway for the orthorhombic-to- 9r0UP (Big is @ notation for the irreducible representation in
monoclinic transformation in ESi, through the shear movement of the D2, point group and it determines the symmetry of the
the slabs along tha axis. (b) Twinned pathway for the same tran- normal modg If this B;; mode is involved in the distortion,
sition. The figures on the left represent the orthorhombic structuréhere must be atoms in the orthorhombic structure whose
and the ones on the right show the untwinned or twinned monovibrations are of that symmetry and, besides, there must be
clinic structures. The dashed line indicates the twin axis. noticeable atomic shifts caused by this normal mode.

Since the distortion from the orthorhombic structure to the
mon phenomenof‘ﬂ"‘l More rare is the coexistence of two monoclinic structure in ESi, does no; result in a loss of any
phases across the transition point in a single crystal. Firsfransiations, i.e., no superstructure is formed, the wave vec-
this is only possible in a first-order transition and, second!Or k of the distortion isk=0. Thus, the normal modes of
fixing this state in terms of intensive variabléemperature, 'Nterest are restricted to one unit cell and they can be de-
pressure, etris challenging for a small single crystal. Choe scnbed in terms of the irreducible representations of the
etal® observed the presence of an orthorhombicPOiNt groupDyy of the space groupnma There are 108
Sm,Ge,-type and two twinned monoclinic GBi,Ge,-type characterls_tlc modesN= 36 atoms_ln the primitive unit
components in crystals of G8i; :Ge, s at room temperature. cell), of which three are the translatlgnal _degrees of freedom
The coexistence of the two phases, which have differentth€se ar@y,, Bay, Bsy). The 108 vibrational modes were
Si/Ge ratios and are separated by a two-phase region, resufi§teérmined using group theoretical techniques and all modes
from an inhomogeneous composition in crystals. All three@® assigned to the six inequivalent sites as follows:
components in i share the axis, which is also a .
rotatliaon twin axics;%rlfr?eezh"snonoclinic components. In the case Erl, Er2, Sil: 3+3B1q+3Byy+3Bs,
of ErsSi,, composition is not a variable, thus temperature, +3A,+3B,+3B,,+3B3,,
which can be controlled in our experiment, rendered a state
in which the two phases coexist. This state is qualitatively
different from one in GgSi; Ge, 5, since it is an equilibrium
state. Small temperature variations 1 K in our experi-

o—ErSi, (P112/a)

Er3, Si2, Si3: Z,+Big+2By+BgytA,

+2B,+ By, +2Bg,.
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+ FIG. 9. (a) Transformation of the monoclinic
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Gd;Sis-type structure through the shear move-
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) 2 J d L of ErsSiy. (b) Interface between the two struc-
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The B4 mode, that reduces the symmetry frdfmmato  probable that at some time the superposition of Bag vi-
P112 /a, is present in the vibrations of all the atoms. Rota-brational modes of the six independent atoms will lead to a
tional shifts around the axis belong to thé, irreducible  sudden change in the atomic arrangement.

representation. Three such shifts for the Sil, Si2, and Si3 To understand the shear movement of the slabs, we can
atoms are shown in Fig. 18). TheseB , shifts are antisym- decompose th®, rotational shifts into a number of small
metric (atoms move in the opposite directiongith respect

to the mirror plane ay= 3 that separates the two slabs, shear b
movements of which break half of the Sil1-Sil bonds. The

B,y normal modes will produce a monoclinic structure in a
which the slabs and the axis, collinear with the slabs, are c
rotated around the axis with respect to those in the ortho-

rhombic structure. An experimental proof of the correspon-

dence of theD-M transition to theB,4 irreducible represen-

tation comes from the mutual orientation of the .
orthorhombic and monoclinic lattices at the transition point

[Fig. 3(b)]. ™\

B,4-type shifts ofany of the atoms would be sufficient to = \
cause the symmetry reduction. The rearrangement of the e l
whole structure, as seen during th@-M transition in

ErsSiy, however, is possible only wheall the atoms un- = ¥
dergo theB,q shifts. Thus, this structural distortion corre- —
sponds to six independerB,, irreducible representations | |
and not one, as required by Landau theory for a second-order b
transition, and, therefore it must, be a first-order transition. a

On the atomic scale, the second-order nature would have

required all atoms to move simultaneously and continuously FIG. 10. (a) By, rotational shifts of Si1, Si2, and Si3 atoms in
to achieve the atomic positions and spatial orientation of thes-Er;Si, (Pnma). (b) Decomposition of theB,, rotational shift
monoclinic structure, which is an unlikely event. It is more into a number of vectors in theb plane.
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TABLE lll. Parameters for the extended ekel tlght-blndlng oms are considered as SEI; the chemical formula of the

calculations. orthorhombic phase can be written as{B&(Si5 ) ,(3e7).

. a a Three remaining valence electrons will occupy Er-Er bond-
Atom _ Orbital Hyi, eV & “ &2 c ing states, and also Si-Sp3antibonding states. Because the
Er 6s —-845 154 1.00 Er-Er bonding states are dispersed in energy due to rather
Er 6p —554 154 1.00 strong interactiongas judged from corresponding distances
Er 5d —7.94 2810 0.7063 1.2160 0.4834 and the number of electrons is obviously not sufficient to
Si 3s —17.30 1.383 1.00 occupy all bonding states, the Fermi level is expected to lie
Si 3p -9.20 1.383 1.00 in the middle of the conduction band and;&i, is expected

to be a metal.

aCoefficients used in the double-zeta Slater-type orbitals. This simple reasoning is supported by calculated DOS’s

and COHP’s(Figs. 11, 12. Two peaks around-9.5 and

—7 eV represent the bondings and antibondingr? states

of the Sj dimers, with contribution from the Er orbitals. The

valence band, which extends fromb up to—1 eV, is sepa-
ated by a small energy gap of 0.2 eV from the conduction
and. The states below 1 eV are derived from 8 lone

irs of S} dimers, which interact in a bonding manner with

vectors in theab plane[Fig. 10b)]. The first vector has the
largest contribution along theeaxis, whereas the last one has
the largest contribution along the axis. The shifts along
these two vectors will try to “shear” move the slabs along
the a direction and to separate or bring them closer in a
alternating fashion along the direction. If the former pro-
cess is a possible event, the latter one is an unlikely scenarE)?

in the structure of ESi,. This argument is consistent with a b %S. and rfd orb(ijtalsz thit a(rje egso invoIvEd inhthle Er-Er
large change in tha paramete(0.81% and a small one in 2°Nding. The conduction band, abovd eV, has the largest

theb parameter  0.07%). cpntribution from Er 8 a-nd-ao orbiFa!s and small cpntribu-
tion from thea; states within the Sidimers. Analysis of the
bond characterssee COHP curves in Figs. &, 12(b)] in-
dicates bonding Er-Er and Er-Si interactions, antibonding in-
terslab and intraslab Si-Si interactions around the Fermi
To gain further insights into driving forces of tf@-M  |evel. Therefore, reducing the number of itinerant electrons
distortion, tight-binding linear-muffin-tin-orbital calculations will favor Si-Si bonding but will weaken the other interac-
with the atomic sphere approximatigiB-LMTO-ASA)**  tions. The solution to this dilemma comes as a shear move-
were carried out using the crystallographic data of the low-ment of the slabs, which breaks half of the interslab Si-Si
and high-temperature forms of 43i,. To satisfy the overlap bonds and creates a monoclinic structure at low tempera-
criteria of the atomic spheres in the LMTO-ASA method, tures.
empty spheres were included in the unit ¢&b in the ortho-
rhombic and 48 in the monoclinic cell, employing automatic
sphere generatign(Calculations without empty spheres pro-
duced a wrong relative position of the Fermi level for the Breaking half of the interslab Sil-Sil bonds gives 1.5 Si
monoclinic structure. These calculations are not consideredimers and one Sil monomer per formula unit. Treating the
here) The 4f electrons of Er were treated as core electronsSi1lB monomers to be isoelectronic with noble gas atoms and
which is a good approximation due to the fact that bothto carry formal negative charge of 4, we can write the
structures are paramagnetic. Since presence and numberdfemical formula of monoclinic «-ErsSi, as
the empty spheres influences the overlap between the atom(&r*")s(Si57), «Si*7)(2e ™), which indicates one less elec-
Mulliken overlap populations within the Hiel tight- tron in the conduction band and results in a lower energy of
binding method EHTB)* were calculated to analyze inter- the Fermi level Ex= —0.48 eV vs—0.39 eV). Presence of
actions between specific atoms in the two structures. Thehe chemically different $i” monomers with very weak in-
energies for Er and Si orbitai§able Ill) were taken from teractions to other &i affects the DOS. The two most
Ref. 45, the Er energies were then refined through charggrominent features in the DOS of monoclinics5i, are (i)
iteration. Both TB-LMTO-ASA and EHTB methods pro- appearance of an additional DOS peak just bete@eV and
duced similar densities of stat¢é®OS) and crystal orbital  (ji) a smaller band gap below 1 eV (AE=0.05 eV vs 0.20
Hamilton/overlap populatioiCOHP/COOR curves for the eV). The changes in the DOS are direct consequences of
two structures. Only DOS and COHP plots, obtained fromdimer breaking. Since the Si1B-SilB interaction are weak
the TB-LMTO-ASA calculations, are presented here. (dsiip.siig=3.28 A at 203 K, the separation between the
bondingos and antibondingr} SilB states is small. While
the antibonding states overlap with the antibonding state of
In the room-temperature orthorhombic structure ofother Si atoms, the bonding states fall in the energy gap.
B-ErsSiy, all Si atoms form either interslab Si1-Si1 dimers Small energetic dispersion is also observed for the bonding
of 2.55 A or intraslab Si2-Si3 dimers of 2.53 A. According to o, and antibondingr; SilB states, which builds up elec-
the Zintl-Klemm electron counting formalism for valence tronic states aroune 1 eV and, thus, narrows the band gap.
compound4?® the Sj, dimers are isoelectronic with halogen The DOS changes in EBi, are consistent with those ob-
dimers and carry a formal negative charge-6. If Er at-  served for theD-M transition in GdSi,Ge,.!

Calculated electronic structures of orthorhombic
and monoclinic ErsSi,

Low-temperature monoclinica-ErgSi,

Room-temperature orthorhombi@-ErsSi,
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FIG. 11. Total and projected densities of sta@®©9S) for orthorhombic and monoclinic EBi, .
Bonding in orthorhombic and monoclinicEr sSi, age Er-Si2, Er-Si3 bonds within the slabs and corresponding

Since the low-temperature monoclinic structure ofS&y X|goptsh2ar¥1ijsém3ac:f\/tﬁg?ﬁt;?;éggﬁevé?.Etrrlﬁg (E?-bslfl Ig/é'_
IS a low symmelry structure, it must be energetically Stabl'tween the slabs with Sil-Sil dimers intact are analogous in
lized upon distortion. While reducing the number of conduc-

tion electrons would strengthen Si-Si bonding, a complet both orthorhombic and monoclinic £l (Table IV). There

bond ¢l found i inic.&i Id s a substantial strengthening of Sil-Sil dimers, but since
ond cleavage, as found In mMonocinicssy, wou Not there are only two such dimers per unit cell in monoclinic
favor the overall Si-Si bonding. Therefore, a detailed analy'a-Er5Si4, it is safe to consider such interslab bonds to be

sis of interactions was performed to gain some insights intQmijar, on average, between the two structures. On the other
the phase stability and energetic aspects of the transition. Tieang, there are significant changes in bonding between the
evaluate bonding, two parameters were used: bond distanegahs that move with respect to each otlieig. 13. The
and Mulliken overlap populatiofMOP) as a measure of interslab bonds of interest are divided into three groups Sil-
bond strengthlonly bonds withd<4.2 A are considered  Sj1, Er-Er, and Er-Si1Si1B-SilB and Er-Si1B in the mono-
Although highly correlated with bond distance, bond clinic structurg. Furthermore, the Er-Sil bonds are separated
strength can be small for a short interatomic distance anthto the bonds that Sil form to its “own” slab, which are
large for a long one. This phenomenon is known as a “mawhite in Fig. 13, and the bonds that Sil makes to the “op-
trix effect:” a separation, fixed by the geometric factors, isposite” slab, shown as dark lines. Although artificial, this
more important than the nearest neighbor interaction. Matrixlivision of the Er-Sil bonds has a structural sense: while the
effects are observed for some bonds within each structuresurrounding of Sil with respect to its “own” slab remains
but there is, in general, a good distance/strength correlationearly the same upon distortion, there is a significant change
between similar bonds of the two structures. in its surrounding with respect to the “opposite” slab upon
The structural considerations, as well as calculatedhe transition.
MOP’s, indicate nearly negligible perturbations within the As indicated before, the Sil1-Sil interactions within the
slabs, e.g., the average Er-Er distances in the ac plane, avéroken dimergSi1B-SilB in monoclinic structudeare much
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25 T T T TABLE V. Comparison of average interatomic distances and
— Si1-Si1 Mulliken overlap population§MOP’s) for the orthorhombic and
27 - Si2-Si3 monoclinic structures of EBi,. Number of bonds per unit cell is

given in parentheses.

T
|
1
|
|
15} :
E ni : B-ErsSiy, (Pnma) a-ErsSiy (P112,/a)
T : Bonds d, A MOP d, A MOP
3 o%r I
' | Er-Er interactions in theac plane within the slabs
0 el Er-Er (X 40) 3.856 0.133 3.859 0.126
05h Er-Si2, Er-Si3 and Si2-Si3 interactions whithin the slabs
Er-Si2 (X 32) 2.974 0.343 2.977 0.344
Er-Si3 (X 32) 3.003 0.342 3.000 0.343
a Si2-Si3 (X 4) 2.534 0.498 2.559 0.479
Er-Er, Er-Sil and Sil1-Sil interactions between the slabs connected
via Sil1-Sil dimerd
Er-Er (X 10) 3.768 0.168 3.790 0.164
Er-Sil1 (X 32) 3.027 0.337 3.045 0.331
Si1-Sil (X 2) 2.549 0.501 2.488 0.551
% Er-Er, Er-Sil and Sil-Sil interactions between the slabs not
s connected via Si1-Sil dimérs
5 Er-Er (X 10) 3.768 0.168 3.845 0.128
Q@ Er-Sil (x 20)° 2.961 0.364 2.940 0.404
Er-Sil (x12)° 3.136 0.291 3.085 0.351
Si1-Sil (X 2) 2.549 0.501 3.279 0.066
. aNumber of Er-Er, Er-Sil, and Si1-Sil interactions is doubled in the
b ‘12 -10 8 6 4 2 0 2 orthorhombic structure.
nergy (eV) PEr-Sil interactions to its “own” sidesee text for explanatiohs

°Er-Sil interactions to the “opposite” side.

5 | — Er-Si1A+Si1B
---- Er-Er

become stronger upon symmetry breaking, despite the fact
that some bonds are longer in monocliricErsSi,. The
largest increase is observed for the interaction between the
Sil atoms(SilB in monoclinic E¢Si,) and the Er atoms of
the “opposite” side(Table 1V). The strengthening of the Er-
Sil interactions in the monoclinic structure is intuitively ex-

. y pected from chemical considerations, since the Sil electrons,
O A freed from bonding in the Sidimers, are donated to the
Er-Sil interactions. The COHP calculations by the LMTO
method also support this argument. Appearance of the two

C 2 - - - peaks in the Er-Sil bonding region around the band gap at

Energy (eV) —1eVis a direct consequence of the dimer breaking. There
) . is an additional electron transfer from the weaker interslab
FIG. 12. Crystal orbital overlap populatid@OHP curves for  pr £y honds to the Er-Sil bonds, as well as to the Er-Si2 and
Eorgz_a interactions in orthorhombi¢a), (b)] and monoclinic(c) £\ gj3 ponds inside the slabs. That is why there is a small
f5Sl . Interactions in the upper part are bonding, in the lower Par crease in the MOPs for the Er-Si2 and Er-Si3 interactions,
antibonding. . o,
although the Fermi level falls lower upon transition.

Thus, theO-M transition is an energetic trade off in in-
weaker ina-ErsSiy (Table 1V). Out of the three interslab teractions. In general, the Er-Si bonds, specially the Er-Sil
Er-Er bonds of 3.62, 3.85, and 3.90 A (M@P.172, 0.159, ones, become stronger, whereas the Er-Er and Si-Si bonds
and 0.179in B-ErsSiy, only the first one becomes stronger become weaker ina-ErsSi,. EHTB calculations predict
in the monoclinic phase d=3.46 A, MOP=0.196), lower total electronic energy by 1.99 eV/cell for the mono-
whereas the other bonds become weakgr 4.20, 3.91 A clinic structure. Although more exact calculations of the total
and MOP=0.057, 0.134 As a result, the overall interslab energies need to be performed, it is safe to say that the
Er-Er interactions are weaker in the monoclinic structure monoclinic phase is electronically more favorable, and that
With the exception of one bond of 3.10/3.34 A, the Er-Silthis electronic stabilization is achieved through tBeM
bonds, either to its “own” side or to the “opposite” side structural rearrangement.

_COHP (/cell)
N
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stability argument can be extended to otyX, phases.
Obviously, each specific case will have its own particulari-
ties, e.g., strength d®-X interactions inR5X, or appearance

of ferromagnetism and associated changes in the band struc-
ture, as in some of the GH, phases.

CONCLUSIONS

ErsSi, exhibits a reversible, temperature-induced transfor-
mation between the high-temperature orthorhombic and low-
temperature monoclinic polymorphs. Although the structural
sequence is opposite to those observed in d#aei, mate-
rials below room temperature, the distortion follows the con-
ventional Gibbs free energy/entropy relationship due to de-
coupling of the structural and magnetic transitions. While
optimization of Er-Si interactions upon th@-M transition
minimizes the electronic energy for the low-temperature
monoclinic form, increased entropy stabilizes the orthorhom-
bic form at high temperatures. On the atomic scale, the dis-
) ) tortion corresponds to th&;4 normal mode that induces
B—ErSi, (Pnma) o—ErSi, (P112/a) shear movement along the axis and rotation of slabs
around thec axis. One of structural consequences of g
mode is that the monoclinic and orthorhombic lattices share

FIG. 13. (a) Er-Er interslab and some intraslab distances in

orthorhombic5- and monoclinica-ErsSiy. (b) Er-Sil distances . the ¢ axis during the transition. Th®-M transforma-
between the slabs. Bonds to its “own” layer are white and bonds tqion leads to intrinsic twinning, possibly microscopic, in the

the “opposite” layer are black. Er atoms are black, Si atoms are L
gray monoclinic phase.
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