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X-ray-induced disordering of the dimerization pattern and apparent low-temperature
enhancement of lattice symmetry in spinel CulsS,
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At low temperatures, spinel CyB, is a charge-ordered spin-dimerized insulator with triclinic lattice sym-
metry. We find that x rays induce a structural transition in which the local triclinic structure is preserved, but
the average lattice symmetry becomes tetragonal. These structural changes are accompanied by a thousandfold
reduction in the electrical resistivity. The transition is persistent, but the original state can be restored by
thermal annealing. We argue that x-ray irradiation disorders the lattice dimerization pattern, producing a state
in which the orientation of the dimers is preserved, but the translational long-range order is destroyed.
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Spinel compound#B,X, (X is O, S, Se, or Qlhave shown that the Ir sublattice consists of two types of Ir bi-
attracted much attention over the last decade because thegpped hexagonal rings, which were described ﬁ's and
exhibit a large variety of interesting ground states, includingirg® octamers. TheS=1/2 I** ions were found to form
superconductivity, cooperative antiferromagnetism, heavtructural dimers, which were also identified as spin dimers.
fermion, and charge-ordered and spin-dimerized states. The magnitude of the lattice distortion due to this dimeriza-
The panoply of different properties exhibited by spinels re-tion is truly remarkable: the Ir-Ir distance in the dimers is
sults from the interplay of Coulomb interactions, effects of ~3.0 A, while all the other Ir-Ir nearest-neighbor distances
frustrated magnetism, and electron-lattice interaction. Th@re between 3.43 and 3.66 A. Inset in Fig. 1 illustrates the
corner sharing tetrahedral network Bfsites in the spinel low-temperature charge ordering and spin-dimerization pat-
structure can accommodate a large number of differeniern reported in Ref. 3. The low-temperature state possesses
charge-ordering patterns. In fact, some of the most comple§ficlinic symmetry” However, for simplicity, we describe
charge-ordering patterns reported to date are found in spin&€ structure of CulS, using the conventional cubic spinel
compound$?* The same tetrahedral network gives rise toUnit ceI_I, which is not the trge unit ceII_ at low temperatur_es.
geometric magnetic frustration when the ions occupying the " this work, we report high-resolution x-ray powder dif-

B site are magnetic. The electronic and magnetic states reaflr-ﬁcgoﬂ gndvfll mflij:c? r,:ﬁ Otusﬁlev?,t?cril rerS|ts t?ncexnr]eas?r:zments
ized in such a complex environment are often multidegener9 ISy WE at at low femperatures, x rays induce

ate and strongly fluctuating. Because of these complexities, =
number of properties of the spinels remain poorly under- i
stood. Spinels, therefore, are important subjects of resear(— 100_:
in the physics of strongly correlated materials. In addition 42 3
some of these compounds, such as the lithium mangane:% 4
spinels used in battery cathodes and the ferrites used in m 4 10‘1—E
crowave applications, are of substantial technological impor = 3

tance. ; ) ]
O 3

(1.5,1,5,1.5) (2.5,0.5,0.5)

Chalcogenide spinel Cuylg, has attracted attention be- =
cause this compound undergoes a sharp metal-insulator traE
sition at Ty, ~230 K.> The low-temperature insulating state ©
is nonmagnetic. Nuclear magnetic resonance and photoemig 10'3‘5
sion experiments have shown that the Cu ion is monovaler 3

in the insulating phase, and therefore the nominal valence ¢

the iridium atoms is 3.8.1t was proposed that charge order- 10’4 — T T T T
ing of Ir** (S=0) and If* (S=1/2) ions is the origin of the 5 10 15 20 25 30 35
metal-insulator transition in Cui8,,> and that some kind of 20 (deg.)

spin dimerization is responsible for the nonmagnetic nature

of the insulating phase. FIG. 1. X-ray powder scans at=200 K and T=6 K, A

Recent experimental determination of the low-=15406 A. The inset shows the charge-ordering pattern in the tri-
temperature structutéas provided very strong evidence that clinic state. IF* and I#* ions are shown in white and black, re-
this scenario is correct. Specifically, these experiments havspectively. Black bonds indicate dimerized Irions.
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time (min) FIG. 3. X-ray scans in the vicinity of thé400 cubic Bragg
peak, and thé€1.5,1.5,1.5, (0.5,2.5,0.5, and(2.5,0.5,0.% superlat-
FIG. 2. X-ray exposure dependence (&f the intensity of the tice peaks at various temperatures, taken on heating. X-ray wave-
(2,2,9) superlattice peak andb) electrical resistance at =10 K. lengthA=1.513 A,
X rays were switched off betwednr=51 min andt=64 min.

the polycrystalline sample. The x-ray beam was hitting the

a triclinic-to-tetragonal structural transition in which the sample in between the contacts, and x-ray diffraction and
electrical resistivity is reduced by a factor of>10'he tran-  electrical resistance measurements were done simulta-
sition is persistent, but the original state can be restored bjeously. Neutron-powder-diffraction data were collected us-
heating aboveT~100 K and subsequent cooling. To our ing the HRPD high-resolution powder diffractometer at the
knowledge, the only other example of such a dramatic relSIS facility.
versible x-ray-induced structural change is found in perov- Figure 1 shows partial x-ray scans takenTat6 K and
skite manganites, in which x rays convert a charge-ordered =200 K. Note that the x-ray intensity is shown on a loga-
insulator to ferromagnetic metalin our samples, all the rithmic scale. Théf=6 K scan was taken after several hours
Bragg peaks in the x-ray converted state can be accounteaf initial exposure to x rays. All the Bragg peaks &t
for using the tetragonal4,/amd space group. However, =6 K can be indexed assuming the tetragonal symmetry
analysis of the diffuse x-ray scattering in the tetragonal statavith the space groud4,/amd and lattice constants
shows that the triclinic structure is preserved locally. There=6.8766 A and:=10.039 A, with thea andb axes pointing
fore, x-ray irradiation changes only the avergge globa) along the(110 and(1-10 directions in the cubic spinel unit
symmetry. We argue that this apparent change in the latticeell. At T=200 K, the structure is triclinic. Folf >Ty,
symmetry is caused by x-ray-induced disordering of the lat=230 K, Cul,S, exhibits an undistorted cubic spinel struc-
tice dimerization pattern, in which the orientation of th&'Ir  ture. In this work, all the Bragg peaks are indexed using the
dimers is preserved. Tetragonal G provides, therefore, cubic spinel unit cell with lattice constamt~9.8 A. Note
an interesting example of a state possessing rotational, bttat this indexing scheme is only approximate 165 Ty, .
not translational, long range dimer order. In the triclinic state, a number of peaks that are not present in

Polycrystalline samples of Cyl$, were prepared by a the cubic and the tetragonal phase appsae Fig. L We
solid reaction method. The mixtures of Cu, Ir, and S powdersefer to these peaks as superlattice peaks.
were heated in an evacuated quartz tube at 800—900 °C for According to our neutron-diffraction measurements taken
eight days. The samples were then ground, pressed into after the sample was equilibrated for 12 hTat4 K, the
pellet, and sintered in vacuum at 900 °C for another thredow-temperature state of CyB, is triclinic. The tetragonal
days. X-ray powder-diffraction measurements were carriedtate is induced by x rays. FiguréaP shows that a 30 min
out at beam lines X20C and X25 at the National Synchrotrorx-ray exposure completely destroys the superlattice peaks. At
Light Source. An x-ray beam was focused by a mirror,the same time, the resistance of the sample is significantly
monochromatized by a double-crystal @i11) monochro- reduced, see Fig(B). When the x rays are switched off, the
mator, and analyzed with G&11) crystal. The wavelengths resistance increases abruptiyiost likely due to beam heat-
used werex=1.513 and 1.5406 A, the beam size wasing effect3, and then keeps increasing with a time constant
~1 mn?, and the typical intensity was ¥0photons/sec. 7>5 h. It is possible, therefore, that the x-ray induced state
The sample was mounted in a closed-cycle refrigerafor ( is metastable. Even after a 10 h wait, however, the resistance
=6-300 K). The powder patterns were measured using thdoes not reach a third of its original value, and no detectable
0126 step scanning mode. For electrical resistivity measuresuperlattice peaks are observed after 24 h. In our experimen-
ments, four gold contacts were evaporated on the surface ¢4l geometry, x rays penetrated onry2 pwm into the sample,
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— 100 - width taken at different temperatures on heating from the

"g 80 f e ° : S5 0) x-ray converted state. These data were obtained from the

S sol scans shown in Figs. 1 and 3 using Lorentzian fits. The in-

5 tegrated intensity is the same in both the triclinic and the

= 407 o tetragonal states, within experimental errors. Therefore, on

2 20t 21_5,1 5,1.5) the local level, the structure is triclinic everywhere in the

= 0ol2 0,1,1)= : x-ray converted state. The correlation length of the triclinic
1.0@ b)' lattice distortion, estimated from the width of th8,1,1)

= 08l o (1.5,151.5)] peak, is¢,;~30 A atT=6 K.

= .5,1.5,1. st . . .

= o6l E ] _Dlmer!zat|o_n of .If‘ is the dominant source of the tri-

= clinic lattice distortion, and therefore, the long-range corre-

= 045 lation between the dimers is lost in the tetragonal state. We

propose the following scenario of the x-ray-induced transi-

0 tion. X rays remove localized electrons from the Ir atoms,
10° | thereby instantaneously destroying local charge ordering and
102 lattice dimerization pattern. The electrons quickly relax, and

= 10° the charge ordering is restored. Howevet; Idimers do not

o 10(_)1 necessarily form in the original places. This is, in fact, not
10_2 unexpected, if one takes into account that slowly propagating
18_3 elastic interactions play a dominant role in the formation of

0 50 100 150 200 250 300 the dimerization pattern in Cyl®,. The Coulomb interac-
T (K) tion is less important in this compound, as indicated by the
breakdown of the Anderson’s condition which requires that
FIG. 4. Temperature dependence(af the integrated intensity two Ir®* and two If* ions are present in every Ir tetrahe-
of the (1.5,1.5,1.5 and (0,1,1) superlattice peakgb) full width at  dron (see inset in Fig. )L It is interesting to note that the
half maximum of the same superlattice peaks and of #®)  correlation lengths,, is large enough to accommodate sev-
Bragg peak, andc) electrical resistance. The data were taken ongrg| |r octamers. This indicates that th&‘Irdimers still tend
heatlng_from_the X ray converted ;tate. Electrical resistance takef, form the octamer units in the tetragonal state, and there-
on coglln_g with no x-rays _present is also shown. TDeL_,J) pegk fore these octamers are quite robust.
intensity in(a) was normalized to match th@.5,1.5,1.% intensity Rietveld refinement of the powder data in the x-ray con-
atT=200 K. verted tetragonal state can only provide the average struc-
ture. In fact, in thel4,/amd group, all the Ir atoms are
and therefore only a small surface layer of the sample wagquivalent, and no direct information about the Ir charge
undergoing the x-ray-induced transition. Assuming that theorder can be obtained in a conventional refinement. Experi-
thickness of this layer is equal to the x-ray penetration depthnents on single crystals will eventually be required to deter-
we estimate that the resistivity of the tetragonal state is apmine the local structure of the tetragonal state, and x-ray
proximately 2Q cm. This is at least three orders of magni- photon spectroscopy or near-edge x-ray-absorption fine
tude smaller than the resistivity of the triclinic phase in poly-structure measurements will be needed to study the valence
crystalline CulgS,.>° state of the Ir atoms in the irradiated samples. We have,
The triclinic state recovers when the sample is heatedlowever, attempted the Rietveld refinement of the powder
above 100 K, even in the presence of x rays. In Figure 3glata atfT=6 K putting I** ions in the &l site with occupa-
scans in the vicinity of thé4,0,0 main Bragg peak and the tion 0.5, and If* ions in the 16 site with occupation 0.25.
(1.5,1.5,1.5 superlattice peak taken on heating at differentThe refinement produced twd*fr ions in each 1 site dis-
temperatures are shown. The triclinic state manifests itself bplaced along th¢110] cubic direction with respect to each
splitting of the tetragonal peaks and by the appearance of thether. Since in the triclinic state thetir dimers form along
superlattice peaks. The superlattice peaks are very broad #ite same directioff, this result is consistent with the as-
low temperatures. A careful examination of the x-ray scan asumption that uncorrelated dimers are present in the sample.
T=6 K in Fig. 1 shows that enhanced diffuse scattering exit also indicates that the dimers in the x-ray converted state
hibiting broad features with maximums near the superlatticdorm along the same direction as in the triclinic phase. More-
peak positions is present in the tetragonal state. Such a broayer, the intradimer distance obtained in our refinement, 3.09
feature can be seen, for example, at (Bgl,1) superlattice A, is close to the actual value found in the triclinic state.
peak position at 2=12.7°. Broadening of the diffraction While the overall quality of the fit is only averag&(,
peaks is associated with finite correlation length of the or—=0.100), the fit is consistent with the disordering scenario
dered state. Therefore, short-range-ordered triclinic regiongroposed above. Further details of the Rietveld refinement
and the associated*l dimers, are present even in the x-ray will be given elsewheré.
converted state. Unlike the superlattice peaks, the main In addition to the results of the Rietveld refinement, the
Bragg peaks remain narrow in the entire temperature rangéncreased value of thelattice constant in the tetragonal state
Figure 4 shows the integrated intensity of {e1,) and  provides an evidence that thé r dimers remain contained
(1.5,1.5,1.% superlattice peaks, and the superlattice pealn the ab plane and, therefore, do not change their orienta-
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tion. The long-range translational order of the dimers, on the Finally, we note that in a recent paper, Setral. reported
other hand, is clearly destroyed in the tetragonal state. Aman electron diffraction experiment suggesting a structural
interesting question, which requires further investigation, isransition in CulsS, at T<~50 K. We speculate that this
whether the tetragonal state in C48j could be considered a transition is of the same nature as the x-ray-induced transi-
thermodynamic phase, with some properties, possibly, retion described above, and that it is induced by an electron
sembing those of liquid-crystal phases. To answer this quegeam.

tion, the equilibrium thermal properties of the tetragonal | summary, we find that x rays induce an apparent
state need to be investigated. As was mentioned above, th&|inic-to-tetragonal transition in Cul, at low tempera-
x-ray-induced state is in all likelihood metastable. Howevery, o |n additon to the drastic structural changes,
I mlght he possible that the equm.brlum tetragongl state Ca.@(—ray irradiation reduces the electrical resistivity by at least
be induced by other sources of disorder. In particular, statuEhree orders of magnitude. The triclinic state can be

disorder f_rom chemical sub_stitution appears to be promiSingrecovered by thermal annealing. We argue that the transition
To test this proposal, experiments with @ICr) S, samples results from the x-ray-induced disorder in th&'Idimeriza-

areT?\lérrrirgL)::gdnd;:a\cﬂtlﬁél resistivity in the x-ray converte dtion pattern, in which the orientation of the dimers is
y Y reserved, but the translational long-range order is

state most likely results from the imperfections in the Chargégestroyed
order. Charge-disordered conducting regions might form, for '
instance, at the boundaries between the ordered triclinic do- We are grateful to L. Berman, C. H. Chen, J. P. Hill,
mains. Consistent with this assumption, the resistivity charand A. J. Millis for important discussions. This work
acteristic to the triclinic state is recovered on heating, asvas supported by the NSF under Grants Nos. DMR-0103858
these imperfections disappear and the long-range ordered t&nd DMR-0093143, and by A. P. Sloan Foundation

clinic state is restored, see Fig.ch (VK).
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