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Structural analysis of CuGeO;: Relation between nuclear structure and magnetic interaction
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The structure of CuGegQhas been analyzed by means of x-ray and neutron single-crystal diffraction as a
function of temperature. There is a pronounced temperature dependency of the atomic positions in the high-
temperaturd® bmmphase. The observed deformation scheme on cooling from 295 to 20 K may be character-
ized by a rotation of the GM(2)], ribbons around the axis. It is related to the distortion below the
spin-Peierls transition, and has an impact on the magnetic interaction pardmeterthe distorted structure
in the spin-Peierls phase, based on a large set of superstructure reflections, we qualitatively confirm the
proposed mode(space groupBbcm with a slightly different direction of the oxygen displacements. A
computation of] reveals that its splitting in the spin-Peierls phase is dominated by the modulation of the
Cu-O-Cu bond angld.50163-18206)00425-Q

I. INTRODUCTION clearly exhibits the SP transition. Pougstal® showed that
the reflections found by Nislgt al. are not characteristic for
One-dimensional spin-1/2 systems have been the subjetite spin-Peierls transition but for antiferromagnetic order,
of an enormous amount of experimental and theoreticalvhich occurs in some crystals not presenting the SP transi-
studiest However, until recently, spin-PeierkSP transi- tion. Later, a detailed study of the CuGgSi,O; system
tions were known only in rather complicated organometallicrevealed a competition between the SP transition and this
structures. Therefore, the announcement by Hase, Terasakjpe of antiferromagnetic ordér.
and Uchinokuraof an SP transition at 14 K in the inorganic,  An indication for the structural distortion in the SP phase
and rather simple compound CuGg8imulated a lot of ad- was found by combined x-ray- and neutron-diffraction stud-
ditional work. The SP transition was further characterized byies by Pougeet al.® who observed superstructure reflections
the magnetic phase diagram published by Hetsa#l 3 and by of the type fi/2k1/2). The same type of superstructure reflec-
the magnetic-excitation spectrum determined by Nishition was also seen in electron-diffraction experiméfita
Fujita, and Akimitsut These observations seem to reproducedetailed analysis of the observed reflections led Kamimura
the expectations from the known organic compounds preet al. to the conclusion that the distorted nuclear structure of
senting a SP transition. However, the temperature deperthe SP phase in CuGgGshould belong to space group
dence of the magnetic susceptibility deviates from the theorbmmor Bbcm® A collection of 11 superstructure reflec-
for a one-dimensional spin-1/2 systémnahich satisfactorily  tions in the SP phase by neutron diffraction allowed Hirota
describes the organic systems. et al!! to determine the space group to Becmin accor-
Whereas the magnetic transition was rapidly confirmeddance with the electron-diffraction results.
the structural component of the spin-Peierls transition re- The high-temperature structure was determined properly
mained subject to controversial discussion. By neutron difby Vollenkle, Wittman, and Nowotny? the space group is
fraction Nishf observed additional intensities at rather low Pbmm (standard settindPmma. The structure consists of
temperatures. However, with the same method Lorenz€uQ; octahedra and Geltetrahedra stacked along tlee
et al.” could not confirm these reflections in a crystal whichdirection, see Fig. 1. Each oxygen belongs to a Ge tetrahe-
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FIG. 1. ORTEP plot of the room-temperature
structure of CuGe@as determined by neutron
diffraction. The ellipsoids represent 40% prob-
ability density. The lines indicate the lattice ac-
cording toPbmm for clarity a set of atoms is
shown which corresponds to more than one unit
cell.

dron and to a Cu octahedron. The stacking of the edgedrical rods. After sintering at 1000 °C for 24 h these rods
sharing octahedra results in chains with rather short Cu-Cwere used in order to grow large single crystals of CuGeO
distances. The tetrahedra are also chained along one of théjy a traveling floating-zone technique using an image
edges. As CuGeQis now commonly compared to the furnace!® Identically prepared crystals were used in a large
high-T. cuprates, it seems interesting to note that there is ahumber of different experimentéor example, see Refs. 8, 9,
important difference between the crystal structures. Whereagz 14, and 1¥ the spin-Peierls transition was found to oc-
the cuprate structures are completely filled by the differentyr at 14.4 K& The phase diagram of CuO/Ge@ives no
types of cation anion polyhedra, there exist rather larg§ngication for any solid solution deviating from the

empty cavities in the case of CuGgO CuO/GeQ 1/1 ratio® so unstoichiometry may be introduced

. The importance of the r_1uc|_ear structure on the magnetisrpnaimy by improper starting oxides, which, however, can be
in CuGeQ was revealed in different experiments. Lorenzo o, vuded in our procedure. The ideal stoichiometry of our

etal. showed thqt the SP tran3|t_|on IS acco mpanied by %rystals was verified by electron microprobe analysis and by
spontaneous strain alon. By high-resolution thermal- inductively coupled plasma atomic emission spectroscopy;
expansion measurements Winkelmagtral 1* confirmed the th t hy' b ? ideal stoichi " P ithin th Py;
existence of giant spontaneous strains along all three orth%?ecis?c::n niques confirm an ideal stolchiometry within their

rhombic directions. The strong implication of the nuclear N .
structure was further confirmed by large anomalies in the T1he Crystals grow as cylindrical rods paralleitovith the

ultrasound velocitie} Furthermore, there are indications P@sal plane being elongated alarighey cleave easily along
that the crystal structure is rather anharmonic even above tHE€b,c plane. For the neutron-diffraction studies small crys-
SP transition. The longitudinal-acoustic branch altngas ~ t@ls were cut out of the as-grown ones. About 15 different
found to be rather soft,which seems to reflect the large smaller samples were tested on several diffractometers at

compressibility of CuGe@in this direction'® At high pres- LLB and ILL; however, it turned out that all of them were

sure CuGeQ even presents a purely structural phasefar from perfect. Two different types of imperfection were
transition®> The thermal expansion aboWeg is anisotropic ~ Observed, one being a misalignment of different parts of the
and exhibits extrema along and c; Winkelmannetal. Crystal characterized by a rotation arouamd:.e., the axis of
speculate that this behavior might be related to the unexcrystal growth. This imperfection seems to be related to the
plained temperature dependence of the magnetigleavability. The second type consists in an enhanced mosa-
susceptibility*> A more detailed knowledge of the tempera- iCity or misalignment of crystallites in the,c plane(rotation
ture dependence of the nuclear structure seemed, therefo@oundb); thin crystals can even be bent around thexis
desirable. without cracking. These imperfections are both likely to be
In this paper we present the results of single-crystal diffelated to the CuGeQcrystal structure. For the neutron-
fraction studies as function of temperature. We will showdiffraction study we chose finally a rectangular crystal of
that there are significant temperature dependences in tHe5X4.5x0.8 mn? with a mosaicity(background to back-
crystal structure already abovesp. CuGeQ appears in- ground of slightly less than 2°. The crystal used for the
stable against twist or rotation deformations of th¢@@)], ~ x-ray-diffraction study was much smaller, about 0:@R05
ribbons just above and dtgp. The influence of the nuclear X0.05 mnf, and no peak broadening was observed.

arrangement on the magnetic interaction parameters will be The x-ray experiment was performed on a CAD4 four-
analyzed in detail. circle diffractometer using M& « radiation(A=0.711 A); a

half sphere of 7141 reflections was measured uf +60°.
A numerical absorption correction was applied according to
Il. EXPERIMENTAL
the shape of the sample crystal=226 cm ).
Stoichiometric CuGe@ was prepared from the oxides  The neutron-diffraction study was performed on the four-
CuO and GeQ(with 99.99% purity and pressed into cylin- circle diffractometer D10 at ILL using a wavelength of 1.26
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A obtained by a Cy200 monochromator. The crystal was O A e
glued with itsc axis roughly parallel to thep axis of the
diffractometer. The orientation matrix was determined by
centering a set of 20 reflections. The enlarged mosaicity of
the crystal had to be taken into consideration in order to
assure complete integration of the Bragg intensities. The
scan width was adapted according to théscanwidth table:
0°/3.5° 15°/3.5° 30°/3.5° 45°/3.5° 80°/5.5°. Due to the
small take-off angle of the monochromator theresolution
decreases rapidly for increasing scattering angle; so, the in-
tegration of the Bragg reflection intensities remains complete
for switching to the coupledv—x® scan mode. The cou-
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pling parameter of thev—x® scan was chosen as usually R N S SO R 1
according to the®/x table: 0°/0; 15°/.75; 30°/1.3; 45°/1.9 s o 5
and 65°/2.0. 120 } 1t 7 3P

The sample was mounted in a liquid-helium cryostat and
cooled down to 4 K, where the orientation matrix was deter-
mined with the same reflections as at room temperature. The
fundamental reflections were measured in the same configu-
ration as at room temperature but with reduced counting
time. Superstructure reflections were measured according to
the 2axXbX2c lattice; however, only a few reflections for- T ‘ M
bidden by theB centering were measured, none of them was 0% 66 6 65 69 70 46 49 50 51 52 5
observable. A complete set of superstructure reflections was 0 () ()
measured only up to@=70° with strongly enhanced count-
ing time (~30 9; first calculations during the measurement  FIG. 2. Intensity distribution of thes scans through some su-
indicated an agreement with the proposed model, i.e., spaggrstructure reflections of the spin-Peierls phase; al@@eK,
groupBbcm Therefore, it seemed reasonable to concentratelosed circles and belowTgp (4 K, open circles
these highly time-consuming measurements on the super-
structure rgflectipns which the model predicted_ to be §tronIE)iC Lorentzian distribution of the mosaicity.
gest. The intensity of the superstructure reflections being i X-ray diffraction at 295 K—The reflections of the x-ray
the_order of magmtgde of th_e background the exact determi ata set were averaged to 1036 independent reflections of
nation of the latter is essential. However, as the backgroun

. ) ! . hich 745 were stronger thars2the internalR value was
is strongly varying with B due to the powdgr lines from the 4.25%. The refinement was performed using the statistical
cryostat and sample support materials, it can be properl

; "Yeights; the structural model according to space group
obtained on_ly by pure scans. Therefore, we h"’_‘d to use th'SPbmm converged rapidly without strong correlations. The
scan technique for the superstructure reflections. Tests

fund | reflecti h 4 that i ianifi sitional parameters displayed in Table | are in agreement
undamental reflections showed that iescan Cuts signifi- iy - the earlier work by Vienkle, Wittmann, and
cantly intensity only for ® larger than 100°; at@=120°

: ; S X Nowotny*? and with more recent neutron powder-diffraction
one looses about 4% of intensity which is not essential forstudieszo,zl

the superstructure reflections. Only very few superstructure o tron diffraction at 295 K-The 580 reflections mea-

reflections were measured at high alues; their intensities oo at room temperature on the neutron diffractometer D10
should mainly influence the thermal parameters which arg ere averaged to 291 independent ones accordimgrtom
adju;ted with much higher statistic_s by the fundamental "®the obtained internaR value of 3.30% confirms the com-
flections. _Therefore, the error coming from this scan mOd‘i‘plete integration of the Bragg intensities. Due to the large
can cgrtamly be neglected. F|ggre 2 shows superstructu §ample volume the observed integrated intensities are rather
reflection scans compared to their analog_s at 20 K. igh, up to 150.000 counts per 3 s. As consequence the sta-
A small (_Jlata set of fur_ldamgntal refl_ect|0ns was COIIeCte({ilstical errors predict an intern& value lower than the one
at 20 K using te 4 K orientation matrix; scan parameters ,ich was obtained. Therefore, we had to choose a modified
Riveighting scheme for the refinements. There are different

ing time was further reduced._ Additionally, some of .the sources of additional errors which alter the reliability of the
strongest superstructure reflections were remeasured with eg;

h d ting ti Al tron dat " ¢ easured Bragg reflection intensities in the case of large
anced counting time. heutron data Sets were correcte rystals. Extinction and integration problems should roughly
for absorption numerically.

be proportional to the intensityl,, Therefore, they can be
taken into account by adding a term proportional to the re-
flection intensity, igrx|, to the square of the statistical error
o2t Additionally, there is an almost uniform probability for
All structural refinements were performed with the contamination by multiple diffraction. Some of the reflec-
PROMETHEUS program packag® An extinction correction tions forbidden inPbmmwere in fact clearly observed; it
was applied according to the Becker Coppens formalism corwas, however, verified that they are induced by multiple dif-
responding to secondary extinction of type | with an isotro-fraction by rotating the crystal around the scattering vector.
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TABLE I. Results of the different single-crystal structural analyses. The estimated standard deviations in
the last digits are given in parentheses. The lattice constants at 20 K have been determined by combining the
4 K values with the highly precisAL/L results from Ref. 13.

X ray NeutronD 10 NeutronD 10 NeutronD 10

295 K 295 K 20 K 4 K
ah) 4.8011) 4,795 §13) 4.789 28 X4.789 412)
b (A) 8.4692) 8.4664) 8.402 56 8.401 @4)
c (A 2.943 14) 2.940 413 2.944 47 X2.944 §13)
Ind. Refl. 1034 291 103 374
R.(F?) (%) 3.28 3.39 3.33 4.22
Run(F?) (%) 3.26 3.00 2.88 3.60
Cux 0.5 0.5 0.5 0.0
y 0.0 0.0 0.0 0.0
z 0.0 0.0 0.0 0.250 98)
ull 0.010 61) 0.012 33) 0.004 75) 0.003 33)
u22 0.013 81) 0.015 13) 0.005 49) 0.004 @3)
u33 0.003 91) 0.005 43) 0.001 §7) 0.002 3)
uiz 0.005 11) 0.004 92) 0.000 44) 0.001 13)
Gex 0.074 334) 0.074 3813 0.071 32) —0.214 588)
y 0.25 0.25 0.25 0.249 93)
z 0.5 0.5 0.5 0.0
uli 0.006 01) 0.008 @3) 0.003 75) 0.002 73)
u22 0.009 12) 0.010 63) 0.003 510) 0.003 13)
u33 0.002 91) 0.005 @3) 0.003 §8) 0.002 §3)
O(1) x 0.868 13) 0.867 12 0.863 93) 0.182 0611)
y 0.25 0.25 0.25 0.25
z 0.0 0.0 0.0 0.25
ull 0.007 44) 0.008 74) 0.005 &6) 0.003 &4)
u22 0.012 25) 0.013 64) 0.005 @13 0.005 &4)
u33 0.003 ©4) 0.006 13) 0.003 110) 0.003 54)
O(2a) x 0.283 21) 0.283 5Q15) 0.281 62) —0.108 268)
y 0.083 21) 0.083 168) 0.081 92) 0.082 9(@10)
z 0.5 0.5 0.5 0.0
ull 0.013 %) 0.015 33) 0.006 @4) 0.005 33)
u22 0.017 ®4) 0.018 13) 0.010 @10) 0.005 13)
u33 0.005 13) 0.007 13) 0.002 98) 0.003 §3)
U1z 0.008 03) 0.007 712 0.001 33) 0.001 92)
0(2b) x —0.110 2%8)
y 0.081 3610)
z 0.5
ull =U11-O(2a)
u22 =U22-0(2a)
u33 =U33-0(2a)
U1z =U12-0O(2a)

Similar multiple-diffraction effects could explain also the ob- tion corrections or to different contributions from thermal
servation of forbidden reflections by Arrat al. on an even diffuse scattering.

larger crystaP? This error source can be accounted for by Neutron diffraction at 4 and 20 &-Since the room-
adding a constant term, const, resulting if., =02y temperature experiment showed that the quality of the data is
+ignXxI +const. For the room-temperature data seHQr01  not limited by counting statistics, the counting time for the 4
and const400 seemed to be the appropriate choice. Usingand 20 K data collections was reduced. Hence, the factor ign
these weights the room-temperature structure was easily reould be reduced to 0.005 and 0.003, respectively. Extinction
fined with satisfying agreement; the results are given inand multiple-diffraction effects cannot affect the weak super-
Table I. There is excellent agreement between the neutrostructure reflections appearing below the SP transition.
and x-ray results concerning the positional parameter3herefore, theiro’s remained unchanged. These reflections
(within the errorg. Also the anisotropic mean-square dis- get higher weight in the refinements due to their typically
placements confirm each other. That the neutron values af-20 times higher counting rate. The 635 measured reflec-
slightly larger might be due to approximations in the absorptions were averaged to a set of 374 independent ones of
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TABLE Il. Atomic site symmetries of the atoms in CuGg( the high-temperature phaggpace group
Pbmm and in the spin-Peierls phasgpace grouBbcm). The Bbcmattice is obtained from th®bmm
one by doublinga andc and shifting the origin by0.25 0 0.25.

Pbmm Bbcm
cu (3/0/0) 2b (0/0/% +A2) 8d
Ge 0033 21 5= ¥i+ay0) of
o (43/0) 2e 5= i 8e
°@) dyd) 4 (3= 3 +Axly+Ay/0) 8
O(25) (3— 3—AXly—Ay/3) 8

separately in Fig. 3. The GgQ@etrahedron is almost perfect
ith roughly equal Ge-O distances and O-O edges. Further-
more, the different bond angles of type O-Ge-O are all close

which 84 are superstructure reflections; the inteRafalue
for this data set, 3.68%, is comparable to the one obtained
room temperature indicating a similar quality of both sets

and hence a reliable determination of the superstructure i to the ideal tetrahedral value. The minor deviations reflect

tensities. Due to the enormous difference in the intensity o he fact that each () belongs to two tetrahedra and each

i (2) only to one. The calculation of the bond-valence sum
superstructure and fundamental reflectio@ factor of according to the formalism of Brown and Altern?étyields
10°-10%) it was necessary to correct the data g2 con-

e o ) a value of 3.956 which is very close to the expected value of
tamination. The amount ot/2 radiation was determined by 4 0o for tetravalent Ge. All this information together indi-

analyzing pairs of ltkl) and (/2k/21/2) with k odd in the
Pbmm lattice; the observed ratio amounts to 0.000320
on F2 The correction was performed during
the refinement by calculating a superposition 0.958&kl)
+0.000F2(2h 2k 2I) similar to the technique used in the
case of twinned crystafs. Satisfying agreement to the data
could be obtained with the space groBpcm proposed by
Hirota et al'* The structure according tBbcm (standard
settingCmca) has the same orientation of the crystal axes as
in the high-temperature phag&bmm for instance the di-
rection remains the direction of the chains. However, the
lattice is doubled along@ andc with respect toPbmmand

the origin is shifted by 0.25 along andc. Table Il reviews
the different site symmetries iBbcm In contrast to the
work by Hirotaet al. our data allows independent refinement
of all positional parameters. There is a rather small shift of
the Ge site, and @a) and Q2b) can be refined without any
restriction. The other space group proposed by Kamimura
et al,’® Bbommuwas also tested. Whereas a similar descrip-
tion of the fundamental reflections can be achieved in
Bbmm the entire set including the superstructure reflections
yields the much larger agreement factgy,(F2) =9.8%; the
Bbmmspace group can be definitely excluded.

The small data set measured at 20 K contained only a few
symmetrically equivalent reflections; the 20 K structure was
refined as the room-temperature phase against the 103 aver-
aged reflections.

IV. DISCUSSION
A. High-temperature phase

Figure 1 shows an ORTEP plot of the room-temperature

structure of CuGe® as determined by our neutron-  FiG. 3. Representation of the two elements constituting the
diffraction experiment. There is a good agreement with thecuGeq structure, the Cugoctahedron and the Gg@etrahedron;
other diffraction data; however, we obtain better precisiorere the thermal ellipsoids present 50% probability density. The
especially for the anisotropic mean-square displacementsrientation of the crystal lattice and the viewing direction is identi-
The two elements of the CuGgGtructure are displayed cal to the one in Fig. 1.
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FIG. 4. (a) Projection of the CuGegstructure
at room temperature on tteeb plane in form of
. an ORTEP plot(the a direction is verticg)l;, the
£ arrows indicate qualitatively the shift of the
|

atomic positions on cooling to 20 K. Note, that
the deformation on cooling is accompanied by a
strong reduction of thév lattice parameter(b)
identical as(a) for the low-temperature structure
at 4 K in the spin-Peierls phase. The symbols
represent the exact atomic positions, the arrows
illustrate the displacements with respect to the
high-temperaturd®bmm phase. The figure pre-
sents only atoms with 0.25z<0.5. In both fig-
ures the lines indicate the high-temperature
Pbmmlattice.

02b

(b)

cates an undistorted Gg@®tructure; if there is any internal in Fig. 4@). The largest amplitude amounts to 0.158 A and is
strain present in CuGeg is unable to deform substantially almost perpendicular to the projections of the C@onds

the rather rigid tetrahedron. On the contrary the gofta-  from the two Cu sites az==*0.25. In contrast, the elonga-
hedron is rather distorted. The CWD bond is not perpen- tion of the 2) thermal ellipsoid is not at all perpendicular
dicular to the ClO(2)], basal plane@=95.66°, giving rise to the projection of the Ge+@) bond. The large value and

to two different edge lengths (@-0O(2), see Fig. 3. Further- the direction of the elongation might indicate the proximity
more, the basal plane itself is strongly deformed; the ratio ofo a structural instability which might be characterized by a
the long to the short )-O(2) edge is 1.2. Consequently the rotation or twisting of the @)-O(2) edges around the axis.
Cu-O(2)-Cu anglen is far away from 90°. As is discussed  The 20 K refinement evidences significant changes in the
below, it is this deviation which seems to be essential for thestructure of thePbmmphase on cooling. ThEbmmphase
strength of the magnetic interaction. The bond-valence surhas several free positional parameters whose variation can
for Cu gives only a slightly increased value of 2.12, com-modify the structural arrangement drastically without chang-
pared to the expected value of 2#0So, the strong defor- ing the symmetry.

mation of the Cu@ octahedron is realized mainly in shear  First indications for a rather anomalous temperature de-
stresses, whereas there seems to exist almost no volume gendency were found in thermal-expansion measurements
fect. which showed a pronounced anisotrdpylhere is a signifi-

The mean-square displacements of the GeO coordinatiocant volume reduction between 295 and 20 KV/V
possess rather small components parallel to the Ge-O bonds0.0074, whereas almost all cation-anion distances increase
in accordance with their strong and covalent nature. Als@n cooling, see Table Ill. Only the CufD distance de-
most of the other thermal parameters appear reasonable aneases; however, the shortening by about 1% appears too
magnitude compared to similar structures. Thél)Osite  strong compared with other cuprate structures. This means
shows almost isotropic thermal parameters due to its homahat the volume thermal expansion is realized not homoge-
geneous surroundings. However, Cu an@)Oare defini- neously but mainly in the empty cavities between the octa-
tively anisotropic. The displacement of Cu perpendicular tohedra and the tetrahedra.
the octahedron basal plane formed by th@)® is signifi- Figure 4a) shows qualitatively the positional shifts occur-
cantly enhanced which may be explained by the large Curing on cooling from 295 to 20 K in the projection on tagh
0O(1) distance. The Cu-Q) bond appears too weak in order plane. The main effect can be characterized by a rotation of
to fix the Cu ion effectively. The largest amplitude of the the CUO(2)], squares around the axis (the 7 angle de-
thermal ellipsoid of the @) ion is even higher. This can be creases by about 0.,8°%nd is in fact the motion where indi-
best seen in the projection of the structure ondtle plane  cations for instability were already found in the thermal pa-
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TABLE Ill. Bond lengths and angles for the three temperatures, the notation of some angles is illustrated

in Fig. 4.

295 K 20 K 4 K
aA) 4.795613) 4.789313) 4.789412)x2
b (A) 8.4664) 8.4034) 8.4024)
cA) 2.940413 2.944513) 2.944513)x2
Cu-Q1) 2.75498) 2.729%12) 2.730Q10)
Cu-0(2) 1.932§7) 1.932710) (a)1.93517)/(b)1.9322(8)
Val. Cu 2.125 2.132 2.127
Ge-Q) 1.77308) 1.776111) 1.77429)
Ge-Q2) 1.732210) 1.734%17) (a)1.7346(10)/b)1.7338(11)
Val-Ge 3.956 3.928 3.939
O(1)-0(1) 2.940413 2.944513) 2.944513)
O(1)-0(2) 2.851Q11) 2.857315) (a)2.8588(12)/b)2.8519(11)
0O(2)-0(2) (in tetrah) 2.824918) 2.8244) 2.820918)
0(2)-0(2) (I ¢) 2.940413) 2.944513) 2.944613)
0(2)-0(2) (Il a,b) 2.508416) 2.5042) (2)2.4984(17)/b)2.5159(17)
a-[O(1)-Cu-0(2) T, 95.663) 96.333) 295.81(5)/aP96.77(5)
B-[Cu-Q(1)-Cu] 100.394) 100.645) 100.6G4)
y[0(2)-Ge-Q2)] 109.256) 109.0110) 108.846)
S Cu-02)-Gely;. 159.526) 158.8511) 5%159.866)/5°158.10(6)
e[Cu-Q1)/a] 50.202) 50.322) 50.302)
¢[0(1)-Ge-O1)] 112.045) 111.9710) 112.187)
¢'-[0(1)-Ge-Q2)] 108.882) 108.9%3) ©'2109.162)/¢'°108.73(2)
~[0(2)-0(2)/a] 34.142) 33.363) 7233.894)/7°32.91(4)
7[Cu-Q(2)-Cu] 99.064) 99.245) 7299.594)/7%°98.76(4)

rameters. The rotation is accompanied by a shift of the entir€©(2) octahedron edges accompanied by a translation of the
GeQ, tetrahedron alon@. The strong thermal expansion tetrahedron which cause smaller additional deformations.
alongb can be understood due to the rigid rotation of theThe reason for this behavior might be an internal mismatch
CUu0(2)], squares, the width of the tetrahedmrrespond- between the sizes of the octahedra and the tetrahedra on one
ing to the 2)-0O(2) distancé being almost rigidsee Table side and the volumes of the empty cavities on the other.
[11). However, the reduction of thb lattice parameter is However, it cannot be ruled out that the magnetic interaction
possible only with the concomitant decrease of the (O itself is responsible for the anharmonic structural behavior.
bond, which is indeed enormous;1%. The possibility of The instability seems further to be related to the observed
reducing the lattice volume by reducifgseems to be the compressibilities? which are largest alond, less alonga
driving force for the temperature-dependent rearrangementand smallest along, and which, hence, reflect perfectly the
Along a a substantial but much lower positive thermal temperature dependences.
expansion is observed, see Table | and Ref. 13. lpa-
rameter can be decomposed into three components, see Fig.
4(a): the height of the tetrahedron which increases on cool-
ing, the projection of the G®(2)], square which increases  The structure analysis of the spin-Peierls phase confirms
too, and the small projection of the(®-O(1) distance which  the structural model proposed by Hirataal 1! qualitatively.
strongly decreases, due to the fact that the tetrahedra akHowever, Hirotaet al. estimated the basic structure from the
shifted closer together. Inspection of the[O®)], projec- literature data available for 295 K, and their refinements
tion in detail shows that the increase of the octahedron edgeere based on only seven superstructure reflection intensities
projection is much smaller than what should be expected fowith I1/6>3. The differences between our results and Ref. 11
a rigid rotation. This octahedron edgparallel to thea,b are easily explained due to the more complete set of super-
plane is additionally shortened which can be easily ex-structure reflection intensities and a more appropriate de-
plained due to the enhanced pressure introduced by thecription of the fundamental structure. Whereas we agree
closer GeQ tetrahedra. The compression of thé2PO(2) with the shift of the Cu site along, Az=0.000 963), and
distance parallel to tha,b plane is, however, compensated the one of the @) site alonga, Ax=0.000 996), even
by the elongation of the @Q)-O(2) edge along; the average quantitatively, there is a significant difference in thé2D
of both edges remains constant. As discussed below, thehift alongb, Ay. We observeAy=0.000 776) in contrast
change of this edge length ratio should further influence théo the value 0.001 25) which was obtained in Ref. 11.
magnetic interaction parametér Note, that our refinement is free from any constraints; if we
To summarize the structural deformation on cooling, onentroduce the constraint used by Hirataal, the error bars
may argue that there is a rotation or twisting of th€2® of Ax andAy are reduced by a factor of 4 without any shift

B. Spin-Peierls phase
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of the values. OuAy value indicates that the (@) sites are by the fact that for both distortions the strongest influence is
shifted almost perpendicular to the Gé€2Dbonds, see Fig. found forb which decreases with decreasing temperature in
4(b), and not perpendicular to the (8)-O(2) octahedron both cases.
edges. Although several groups performed single-crystal Raman
The displacement pattern of the SP phase with respect @nalyse® > above and belowlsp, it remains still unclear
the high-temperature structure is illustrated in Figo)4lIn ~ Whether there exists a soft phonon mode closd dp. An
contrast to the distortion between 295 and 20 K there is dntensity near 30 cm" appearing allsp was interpreted as
doubling of the lattice parallel ta andc. Hence, the distor- P€ing due to a soft phonon motfeHowever, more detailed
tion cannot be described by a simple[O®©)], square rota- studieg” |nd|cateq a magnetic origin for f[h|s intensity.
tion; the Q2) edges below and above a Cu site are twisted mAIso recent inelastic neutron-scattering studies were unable

: : . reveal softening phonon modes in the neighborhood of the
Opposite senses. As a simple description one may charactetg-P superstructurg gea?é'sThe phonon mode gssociated with
ize the distortion as a rotation of the Gg@etrahedron

around theirc axis with neighboring tetrahedra being rotatedthe high-temperature dependence of the Pbmm structure

) . X .- should belong to thé, representation. In the CuGg®&truc-
in opposite senses. The(?) site of the Pbmm phase splits .ture there should be four modes of this symmetry and all of

into two distinct sites in the SP phase which can be seen ithem were determined by Raman scattefihgpne of them
Fig. 4b). The O(2a) site is displaced in the sense that the ynssesses a low frequency. Hence, the displacement pattern

8% angle corresponding to the Cu-G{2Ge projection  shown in Fig. 4a) without the concomitant reduction of the
comes closer to 180°; concomitantly the @j20(2a) dis- | axis appears rather rigid.

tance becomes shorter. The @)zsite is shifted in the op-  Rather anomalous features were observed by electron dif-
posite sense thereby decreasi@y and increasing the fraction. Kamimuraet al'° and Chen and Cheoffyreport
O(2b)-O(2b) distance. diffuse intensity which is sharp along thedirection, broad-

Note, however, that the averagdZpO(2) distance par- ened alonga and with almost no modulation at all alorg
allel to thea,b plane is slightly increased, whereas the heightand which passes through ttiek 0) k#0 Bragg peaks. Both
of the octahedron basal plane decreases on passing into tgeoups conclude that this intensity cannot be interpreted as a
spin-Peierls phase. Thus, these distances behave just in precursor of the SP transition as no maxima neafn/2)
opposite way in the normal phase andTap. In this sense, are found. The structural deformation observed as a function
they reflect the behavior of the lattice parametarand c of temperature might be related to these diffuse streaks. The
whose temperature dependences were similar in magnitud@ist or rotation deformations of the @D(2)], ribbons are
but opposite in sign both above andTagp.'® It seems rea- rather strongly coupled along and almost free along
sonable to assume that the temperature dependences of #fBich agrees with the orientation of the diffuse streaks. A
lattice parameters result from the behavior of th@@p(2)  local O2)-O(2) edge rotation distortion might further ex-
octahedron edges. In the high-temperature phase tha- plain the rather large thermal ellipsoids of th€Dsite in the

rameter corresponds directly to the length of th@)aD(2) direction.almost perpendi(_:ular to the edges. This mean-
edge parallet. It also seems reasonable to assume that th quare d.|splacement remains elevgtgd even at low tempera-
ratio of height-to-average-width of the [I(2)], square can ures which cannot be.explal'ned within harmon!q Iattllce dy-
respond to the internal strains on cooling andTap quite namlcs._That the shift during the SP transition is not
easily, whereas the area of the [O(2)], square remains perpendicular to the Q)'Q(Z) edge, but to the Ge(@) bond,
more or less fixed, thereby explaining the thermal—expansioﬁUpports the conclusion In Refs. 10 and 30 that the defqrma—
observations. The edge ratio can be compared to the orthdlons aboveTgp are not directly related to the SP transition
rhombic strain observed in L&uQ, which reflects the split- ltself.
ting of the CuQ octahedron edge lengths in this structure.
The orthorhombic strain and the edges vary essentially due
to the structural phase transition in JGu0,, whereas the Figure 5 shows the orbitals which are expected to be es-
area of the planes is almost temperature indeperfdent. sential for the magnetic interaction in the Cu chains along
The Cu ions themselves are shifted towards the (2 The main antiferromagnetic interaction is given by the super-
edges which are elongated; hence, their shift reduces thexchange paths Cu{@®-Cu, which present an anghkgof 90°
splitting of the Cu-@2) distances which remains rather for the ideal configuration with quadratic 8(2)], units. In
small. The distortion pattern in the SP phase is optimized irthe ideal situation withy=90°, however, there is no effective
order to obtain a large difference in the C@2PCu bond exchange; the antiferromagnetic interaction should cancel
angle, z, which produces a large splitting ihas discussed out in this case leading to a weak ferromagnetic interaction.
below. As described above, the 8(2)], squares are deformed into
First inspection of the displacement pattern in the spintectangles the ratio of the long to the short edge being 1.2.
Peierls phase seems to indicate little similarity to theTherefore, the Cu-@)-Cu bond anglen deviates strongly
temperature-dependent deformation abdwg. However, from 90°, and the antiferromagnetic interaction is induced.
the rotation of the @) edges around the axis is the com- In the following we present a more quantitative evaluation
mon element. In the high-temperature deformation the edgesf J as a function of the atomic arrangement; a detailed
stacked along are all displaced in the same way, whereasdescription of the model used will be given elsewh&re.
neighboring edges are displaced in opposite senses below the In order to compute we consider a cluster consisting of
SP transition resulting in the twist distortion. That both de-two adjacent Cu in a chain, and the two O ligands in between
formations reflect related structural instabilities is supportedand the two Ge nearest to the lat{étig. 5. We choose a

C. Relation between bond angles and magnetic interaction
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tp.a,,=V3Im?(pdo) —1(1-2m?)(pdm),
2
tpzdxzzﬁmlz(pda) —m(1-2I?)(pdm),

wherem=cog7/2), | =sin(%/2). This dependence will prove

to be very important to determine the dependencd oh
structural changes. We also take Harri¥6h like depen-
dences of the hopping matrix elements on lattice displace-
ments and point-charge estimate dependences of the on-site
energies on lattice displacements. The effect of the last two
resulted to be negligible in determining the structural depen-
dence ofl. If one neglects hybridization, the Cu is in tH&
configuration with one hole in thd,, orbital and the O’s
have closed shells.

The computation technique is similar to the case of the
parent superconducting cuprat&0).% In order to simplify
the problem we construstp hybrid orbitals in Ge and do a
canonical transformation to eliminate the single-particle
states that do not mix with the,, orbital because of sym-
metry (i.e., the linear combination of the O and Ge orbitals
that have opposite parity respect to thg orbital) or are too
far in energy|antibonding combinations of Ge and 2 or-
bitals]. This is on the same line as the cell perturbation ap-
proach used in the cuprat¥® The resulting Hamiltonian is
diagonalizedexactlyandJ is computed as the energy differ-
ence between the lowest-energy singlet state and the lowest-
energy triplet state. We found that although a perturbative
expression irt;; is useful to analyze the qualitative behavior
and identify the different processes, it gives very bad quan-
titative results, typically a factor of 2 or more larger than the
exact value obtained by diagonalizing the matrixes. This is
due to the strong covalency and because the effect of the two
differentp orbitals tend to cancel each other so that an error
coordinate system with parallel to the chains andparallel  in each contribution gets amplified.
to the CyO(2)], octahedron basal plane. If we neglect the Ge orbitals, sé&¢;;=0 and putU,

The electronic part of the Hamiltonian we consider is = Upsz we get that forp=90°,J(90°)=0. This can be easily
understood by rotating the orbitals by 45°. In this situation
each Cu orbital mixes with a different set of O orbitals,
which are mutually orthogonal, and superexchange is not

FIG. 5. Orbitals used in the computation &f The z axis cor-
responds to the chain direction, tlxedirection is parallel to the
CUu0(2)], planes.h, denotes ars-p hybrid.

H:ig Ly CIUCJU+E eclonJ“E Uici cijeficiy possibleX If the Hund's rule exchange in the ligantj ,
>0 orU,>U,,, a ferromagnetic interaction results. How-
2 U t ever, the tendency to ferromagnetism from these terms is not
* 10/ CioCleCio very st ince i turbati ion th ti
(%10’ y strong since in a perturbative expansion they act in
fourth order int;; . By contrastk <0 produces a strong ten-
+ > K c c el e 1) dency to ferromagnetism since it acts on second order.
(%o i ~jgr Mo The effect of the Ge is to make the ligand orbitals in xhe

andz direction nonequivalent. This makes the curvelofs
7 asymmetric with respect to 90° because of the nonequiva-
where the operatcrr’r creates dnole of spino and the index lence of the respective exchange paths.
i runs through the Cd,,, the Opy ; and the Ges, p orbitals. Now we fix the angle at the ideal low-temperature undis-
e andt;; are single-particle and hopping matrix elementsforted value defined ag’=(7+ n")/2, see Table IIl. This
respectively. Holes repel each other with strendthon or- value of 5 is indicated by the vertical line in Fig. 6.
bital i and strengti); between different orbitalsandj. K; SettingK,4=0 and the other parameters as in Table IV
is the exchange interaction between different orbitalsu-  On€ gets a strong antlferromagn_ehdn fact in this situation
ally ferromagnetit. On-site and intersite nonzero matrix el- tp,d,,= 0.6 €V, 1,4 =0.8 eV quite far from the ideal 90°
ements are shown in Table V. situation ¢, 4 =tpq, ), [see Fig. @)]. J for these param-
The hopping matrix element between thé2Dp, or p, eters is typically~50 meV, i.e.,~five times larger than the
orbital and the Cu,, is given in terms of Slater and Koster experimental oné&One might ascribe that discrepancy to the
integral$”® (SKI) by uncertainty in the parameters, however, within reasonable



1114 M. BRADEN et al. 54

TABLE IV. Parameters used in the calculations. All the parameters are appropriate for holes. SKI were
taken from local-density-approximatiqghDA) (Ref. 33 estimates. Our experience from the parent super-
conducting cuprates is that LDA tend to overestimate hybridizations-b§% respect empirical estimates
(Ref. 34. Accordingly we apply that reduction to the LDA estimates. Coulomb parameters are taken similar
to those in the PS(Refs. 34 and 3bwhen known or reasonable estimates when not known. For closed-shell
orbitals we take the LDA on-site energies. The Cu level was fixed by requiring that the energy difference
between Cul,, and the ligands orbitals giva a charge-transfer gap somewhat smaller than in the cuprates
as seen in optical absorptigRef. 36.

On-site Cu @2) Ge

€ es=—0.5 €,=2.6 e;=1.0,e,=-5.0

U; Uy=8.0 Up,=4.0

Uij prpz=3'2

_K” Jppo:0.6

Intersite Cu-@2) 0(2)-0(2) Ge-Q?2)

tij ttpg Flpg ? (PPo)=—1.2,—(ppm)=-0.3 (ppo)n=-3.0, (spo)n=-2.35 (ppm)=1.2,
Uij Upd:0'56

_K” —Kpd=011

aSee Eq(2), here pdo)=1.2, (pdw)=—-0.5 and the sign are shown in Fig. 5.

®This was not given in Ref. 33 so was estimated by adjusting the véRefs. 34 and 3bin the PSC with
Harrison relationgRef. 37h.

°n=cos, where §=20° is the angle between the GéZpand the Cu@) basal plane.

variations and keepind<,4=0, the discrepancy remains. zontal axis is very close tg". In this situation a 10% varia-
This means that the anomalously smhNalue is not due to tion in K produces a 100% variation th This extreme sen-
the closeness to the ideal 90° situation alone. By puttingitivity to K, perhaps the least known parameter in the
Kpa=—0.11 eV, one gets an almost perfect cancellation ofroblem, makes aab initio computation of] a fruitless task.
the antiferromagnetic contribution with=13.2 meV close |nstead we have taken a reasonable set of parameters leaving
to the experimental Value. The effect ﬁﬂs to produce an K free and then varied& to get a value of] close to the
almost rigid vertical translation of the curve in Fig. 6 so thatexperimental one. The resulting valde=—0.11 eV is quite
for K=—0.11 eV the point where the curve crosses the horitegsonable given that in the SC a valu&ef —0.22 eV was
estimated when the O orbitals point towards the3€This
parameter is also important in the $Refs. 38 and 3Pbut
not so dramatic as for CuGgOWe remark that in contrast
to this strong sensitivity o on K4 we find that thederiva-
tive of J with respect to lattice distortions depends very
weakly on the chosen parameter s@éss than 30% varia-
tions for physically mining full change in the paramejers
This allows us to study the influence of the structureJon

We want first to analyze the influence of the temperature
dependency ofy in the Pbommphase abové gp. In fact the
small variation of# results in a rather strong shift: for the
value of » at 20 K we findJ=13.7 meV, and for the value of
n at 295 K, J=12.5 meV. Although this is significant
enough to have consequences in the temperature-dependent
properties like the susceptibility we do not think that it can
explain the anomalous observations in those propétties.
particular at low temperature the decreasd wfith T should
lead to an enhanced slope of the susceptibility which is in
contradiction to the experiment. Instead a model with a
second-nearest-neighbor coupling seems to explain these
results? Riera and Dobr§ needed aly/J ratio close to
0.36, which appears rather reasonable. The next-neighbor su-
perexchange path for this process goes through @Q)-O
0O(2)-Cu as suggested in Ref. 7. The geometry is almost
identical to the one fody,y in the SC. So one expects a

0.10 ' ! o 1

0.05

J (eV)

70 80 90 100 110
7 (degree)

FIG. 6. (a) J as a function ofy in the exact calculatiortfull
line). (b) tod, (dashed ling andtpxdXZ (full line) hopping matrix
elements as a function of.

Jann Of similar magnitude. Therdyy iS estimated to be
~10 meVM i.e., of the same order of magnitude &sn
CuGeQ.



54 STRUCTURAL ANALYSIS OF CuGeQ: RELATION BETWEEN.. .. 1115

02 — @ -~ 02b substantial interchain coupling will favor antiferromagnetism
and presumably a much stronger value of the dimerization is,
Cu ' 7> ° hence, needed to overcome that tendency.
. We have also computed the changelidue to the small
7 Sy AL +-02a changes in the @)-O(2) the Cu-G2) and Ge-@2) dis-

tances. In all cases we find that the changes ame an order

of magnitude smaller. In this context it may be understood
why the distortion atTgp is only indirectly related to the

-+ -—02b structural instability which seems responsible for the tem-
perature dependence and the diffuse scattering: the SP dis-
tortion scheme has a more pronounced effect pmand,
hence, appears favorable in order to produce a large dimer-
\1 -- += 02a ization parameter.

V. CONCLUSION

- -~ 02b
a b The structural analysis of CuGg@s a function of tem-
o ~ perature reveals rather anomalous effects already abgye
~ FIG. 7. Arrangement of the Cu and(® sites in the Cu chains | accordance with the unusual thermal expansion, CuGeO
in the form of an ORTEP plot with viewing direction perpendicular oy hibits important structural modifications on cooling down
o the CYO(2)], squares(a) presents the arrangement at room ®M-{5 20 K. The deformation can be characterized by a rotation
perature(b) that in the spin-Peierls phagboth with exact scale of the éL[O(Z)]Z ribbons around the axis with accompany-

The distortion of the @)-O(2) distances can be seen only by care- . ) . "
ful inspection. The arrows and the and — signs illustrate quali- ing translational shifts of the GeQetrahedra. Additionally,

tatively the atomic shifts perpendicular and parallel to the drawinga temperature-dep'endent distortion ,Of the OCtahedron basal
plane. plane, ClO(2)],, is observed, which may explain the

anomalous behavior of the thermal expansion alammdc.
As the superexchange interaction between neighboring Cu’'s

It remains unclear which interaction would be the driving is very sensitive to the surrounding bond angles, the distor-
element for the structural temperature dependence. Thgons in the Pbmm phase have a strong impact on the mag-
structural instability might induce changesJdror a change netic interaction parametsr In this context it might be nec-
in J might be favorable in order to reduce the magnetic freeessary to take them into consideration for a quantitative
energy and hence induce the structural deformation. Theescription of the magnetic susceptibility aboVgp, even
magnetic origin of this effect is supported by the fact that thethough the observed effect appears unable to explain the dis-
extrema in the thermal expansion occur at rather low temcrepancy between the observed susceptibility and Bonner-
peratures; whereas the similar behavior on applying pressuigscher theony.
at room temperature indicates a purely structural The structure in the spin-Peierls phase confirms the model
instability." Structural high-temperature studies would beproposed by Hirotat al,* with a different direction for the
valuable in order to clarify the importance of the magneto-Q(2) site shifts. The distortion scheme in the SP phase differs
elastic coupling. from the deformations aboVEsp; it may roughly be charac-

The Cu@2) arrangement in the spin-Peierls phase is moreerized by a rotation of the GgQetrahedra. However, both
complex: due to the opposite shifts the Cu an@)Gatoms  deformations consist of rotational distortions of the octahe-
are no longer in a plane as indicated by thend— signsin  dron Q2)-O(2) edges around the axis. The temperature-
Fig. 7(b). Additionally, the Q2a-O(2a edges are shorter dependent and the spin-Peierls deformation might reflect the
than the @2b)-O(2b) edges and the Cu site is displaced to-same structural instability characterized by twisting of the
wards Q2b)-O(2b). The distortion shifts the @)-Cu-O(2)  O(2)-O(2) octahedron edges. The analysis of the anisotropic
bond angles drastically: for @a), the angler” increases t0  mean-square  displacements indicates that only the
99.59°, whereas it decreases fo20), 7°=98.76°. For these temperature-dependent deformation abdg may be re-
values we gef*=16.0 meV andl®=10.4 meV which gives |ated to the diffuse scattering observed in electron
the dimerization parameted]®°—J% =2.8 meV. This value diffraction2® In contrast, the structural distortion @tp op-
is comparable to the mean-field estinfateit much larger  timizes the splitting in the magnetic interaction parameter
than theoretical estimategJ®—J%~0.4 meV) based on  due to the important modulation of the@-Cu-O(2) angle
the fitting of inelastic neutron-scattering experiments undein the superexchange path.
the assumption that the chains can be treated
independently? We have tried different parameter sets but
the dimerization values obtained are always much larger than
those estimates. We believe that this discrepancy is due to ACKNOWLEDGMENTS
the neglectance of the interchain coupliy) in Ref. 42.
The importance of interchange coupling was emphasized in We thank B. Behner, B. Hennion, and W. Reichardt for
Refs. 4 and 17. In fact it can be shown tlatlowers the gap  valuable discussions. A.R. and G.D. acknowledge support by
due to band motion of the triplet excitatidh.In additon = NEDO.
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