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Structural distortion and superconductivity in (Nd;_,Th,); g£C€e; 1:CuQ,
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The phase diagram diNd;_,Tbh,), g£Ce 1:Cu0, has been studied by resistivity, magnetic susceptibility,
x-ray, electron-, and neutron-diffraction experiments. For low-Tb concentrations the samples are superconduct-
ing; however, T diminishes rapidly with increasing. For higher Tb concentrations all diffraction studies
indicate the long-range lattice deformation characterized by the rotation of thg Stu@res around theaxis
(i.e., the orthorhombic phase recently observed inQad,); the structural consequences of the distortion are
discussed.

Recently a structural distortion of tHE' phase was ob- bility limit was found nearx=0.7; for the Ce-free com-
served in GeCuQ,,! where the Cu@ squares are rotated pounds Th up to=0.8 could be introduced into the struc-
around thec axis by an angle of 5.2° at room temperature.ture. Superconducting transition temperatures were measured
The underlying structural phase transition appears to bby four contact resistivity and/or superconducting quantum
dominated by the ionic radius of theR since interference device magnetometer measurements. Neutron
Nd, 3Th; 6CUQ,, Which possesses the same averaged ionidiffraction experiments at the ORPHEE reactor were per-
radius as G§CuQ,, presents the identical distortion. formed using the diffractometers GEX=4.04 A, high flux;

It is well known that theT’ phase compoundB,CuO,  between 11 and 550 K, G4(1=2.43 A; T=11 and 295 K
with R=Pr, Nd, Sm, and Eu become superconducting byand 3T.2(A=1.22 A, high resolution, 20 countei:=11 K).
doping with Ce or Th; however, attempts to renderHigh-resolution structural analyses were performed for 11-K
Gd,CuO, superconducting failei.The Gd compounds re- data obtained at 3T.5°<20<1259, an example diffraction
main semiconducting and present antiferromagnetic ordgpattern being shown in Fig. 1. The Rietveld analyses with the
with a weak ferromagnetic component even for elevated C@rogram FULLPROF yielded agreement factor®,,,, near
contents** It seemed interesting to analyze whether the non5% for each data set. For Tb concentrations lower than 0.3
existence of superconductiviygC) in Gd,_,CeCuQ, and the ideal T’ structure(space groud4/mmm) was refined,
the appearance of the structural distortion are related. In thighereas, for higher Tb concentrations a better agreement
sense, the suppression of SC in Tephase might resemble with the data was achieved by describing the distorted struc-
the effect of the low-temperature-tetragonal-tyeTT)  ture according ttAcam In addition, the samples were ana-
structural distortion in the La,_,R/M,CuQ, (M=Sr, Ba lyzed on a Philips CM30 electron microscope.
compounds of th@ phase® Figure 2 shows the lattice constants of NTCCO as a func-

In order to study both the structural distortion and SC intion of the Th concentration at 295 and 11 K. Whereas at
(Nd 1 _,R,)18Ce 1CUO, we were looking for a system
which would allow us to vary the mean ionic radius on

the R site close to an expected critical value of 1.09 (Nd [Tb ), 4sCe ,sCu0, at 11 K
A. The possible candidates Eu, Sm, and Gd had to be 300 = ' ' ' ' '
excluded due to their bad properties for thermal neutron 400} j
diffraction which, however, is necessary in order to analyze £
the small oxygen displacements. Therefore, we chose 3 T
(Nd;_,Th,) 1 gCe& 1£CUO, (NTCCO) for our studies; super- 5 200t
conducting and structural properties were studied by resistiv- =
ity and susceptibility measurements and by neutron, x-ray, g
and electron diffraction. Y SV

The samples of NTCCO with 02x<0.65 were prepared [ ) . .
by the standard solid-state reactfothe last reduction step ~100 0 25 50 75 100 125
was performed at-900 °C. The reduction temperature had 28 (deg)

to be slightly adapted to the Th concentrations as, for in- F|G. 1. High-resolution powder-diffraction patter3T.2,
creasing Tb contents, the samples start to decompose gt1.22 A) obtained for (Ng,Tbo ¢ s:C& 1:CUQ, at 11 K. Points
lower temperature. The samples were first characterized bypresent data; lines, calculatéRietveld fit. Difference plot is
x-ray diffraction indicating an impurity phase concentration centered at intensity0. Vertical bars denote the positions of reflec-
of less than 2%. For a Ce concentration of 0.15 the Tb solutions.
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e 1K FIG. 3. Comparison of the profiles of th@12 superstruc-
ture reflection peaks in  (NdsTbggs1sCe1sCUO, and
@3'93 I i (Ndp 35Tbg 65,CUO, at 11 and 295 K(neutron diffraction G4.1
° 2ol The measured intensities were scaled with the peak height of the
) (113 fundamental reflection obtained by fitting with a Gaussian and
2 shifted vertically for clarity.
391 1 °o 1
30 of the rotated Cu@square gave no improvement compared
0 01 02 03 04 05 06 07 to the rigid one; therefore, the plane oxydéd(1)] position
X was constrained to (0.25d,0.25-d,0). The upper limit for

FIG. 2. Dependencies of the lattice parameters inthe splitting of the CuO bond distances can be estimated to
(Nd,_, Th); gCey 1:CUO, on the Tb concentratior at 295 K(x-  0.01 A. A smaller splitting, even though too small to be
ray diffraction and at 11 K(neutron diffraction. The 11-Kx=0  detected by powder diffraction, might have a strong impact
data point was obtained by applying the thermal expansion reportedn the electronic band structure.
in?3 to the 295-K parameters. As a consequence of the rotation transition at higher Tb

contents several bond lengths are strongly modified. The Cu-
both temperatures a linear dependence is observed for t&(1) distance decreases with increasing Th content as long
a parameter, the parameter plot represents clear kinks in-as the samples stay in the idé€&l structure in accordance
dicating a modified crystal structure for Tb concentrationswith the relatively smaller ionic radius of the Th ion. For
higher thanx,(295 K)=0.462) and x.(11 K)=0.363). A higher Tb contents the rotation of the Cu®quares gives
similar kink seen in the dependence of the publishedise to an elongation of the Cut© bond when compared to
R,CuQ, ¢ parameters on th® ionic radius® indicates a the value extrapolated from tHd/mmmplane. In this sys-
general strain order-parameter coupling. For high-Tb contem with a Ce concentration of 0.15 the C¢iPbond does
centrations we additionally observe superstructure peakot go below 1.958 A. The elongation of the CyiPbond
which can be indexed in d2ax \/2ax c lattice in respectto in the distorted phase was also observed for the tilt transition
the high-temperaturé4/mmm structure: for example the in the T phase’® So, a similar bond-length mismatch be-
(212) reflection is shown in Fig. 3. Rietveld refinements with tween theR-O and Cu-O subsystems might be responsible
the patterns obtained with=2.43 and 1.22 A confirm that for the rotation transition in th&' phase in agreement with
the superstructure in the NTCCO samples is identical to théhe pronounced dependency on fRéonic radius'** How-
one observed in GEuO, (Ref. 1) with space groupAcam  €ver, a more detailed analysis with respect to the rather an-
(standard settin@mca), i.e., the superstructure is character-
iz_ed by the_z rota_tion of the Cu‘Q;_quares(I_n_ the_ following (Nd._Tb)...Ce .Cu0, at 11 K
this transition will be called rotation transition in contrast to I NES a5

groupl4,/acd which is reported for the similarly distorted

SrIrO, and SpRhO, structures, is incompatible with the X X

positions of the superstructure reflections. . FIG. 4. Rotation angle and Cu¢D bond distance at 11 K as a
The main characteristic of the transition is the rotation offynction of the Th concentratior. The broken vertical lines indi-

the CuQ squares around (see Fig. 4 and Fig. 1 in Ref),l  cate the critical Tb concentration for the transition into faeam

which is the order parameter. THe=11 K values scale phase at 11 K. Other lines are guides to the eye.XEh@ data point

roughly linearly with k—x.). Attempts to refine a distortion was obtained from Ref. 23.

S
the tilt transitions in thel phase where the axes of rotation ~ 4 b, i "975$
lie within the CuQ plane) As discussed in Ref. 1, the sim- g #-Cu0, | ECu—01 1.970 2
plest structural distortion due to a Cwyédtation corresponds PR ' ' 19655
to the space group.cam More complex structures corre- g 2 . =
spond to different stacking sequences of the distorted ,CuO 54 R o0l 90 E
planes leading to at least a doubling of theparameter, a 2 ! : 1.955 8
situation not supported by the diffraction pattern. The space = o | 19503
0 02 04 060 02 04 08
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tion intensities as a function of temperature by means of

(Nd'-{TbX)'-85ce-',5C”04 neutron diffraction; forx=0.4 the corresponding intensities

30 600
- T, appeared in the electron-diffraction pattern on cooling. The
n neutron diff.: superstructure . . . .
g5 | o dlechron dif: supersiructure | o exclusion between SC and the structural distortion in
/ NTCCO resembles the interplay between superconductivity
s and the LTT phase in I_zax_yNdXSryCuO4.5 In the case of
20 S 400 (Nd;_, Th,); gCe 1:CUO, the superdonducting phase is
= Wfmmm S = separated from the rotation phase by a region of nonsuper-
=15 qe 3007_ conducting samples not presenting a long range superstruc-
- ’l Z ture. However, the strong difference of the Nd and Tb ionic
10k ! Acam Joqp radii might favor a local distortion in the samples around
/ x=0.3, which is very difficult to detect in a diffraction ex-
50 SC é 100 periment.
; For severall’ compounds the appearance of weak ferro-
é magnetism(WFM) has been reportéd.However, WFM is
% 0.5 0.50 07 incompatible with the ideal structure with space group
I4/mmmand necessitates a structural distortion. Rream

; structure described by the rotation of the Gugguares easily
FIG. 5. Phase diagram of (Nd, Tb uQ,. The super- . .
g (N Th)1.8:08,1:CLO, P xplains the occurrence of WFM and the alignment of the

conducting transition temperatures were obtained by resistivit;fe .
ferromagnetic moment parallel to the Cu@anes. It, there-

and/or susceptibility measuremei(lisft scalg. n denotes structural 2
transition temperaturesright scal¢ obtained by temperature- fOre, seems reasonable to assume thal‘abompounds pre-

dependent neutron-diffraction studiesrepresents the sample with Senting WFM possess theecamsuperstructure. Hence, it is
lowest Th concentration which shows the superstructure peaks iROSsible to compare the structural distortion in NTCCO to
electron diffraction.c represents the critical Th concentrations de-the magnetic phase diagrams of similar systems. Oseroff

termined by the kink in the Tb dependency of théattice param- et al1* observe at low temperatures indications for WFM in
Ew,CuQ,. Our conjecture that ECuUQ, undergoes a struc-

eter.
tural phase transformation is supported by the appearance of
isotropic coordinations reveals a more complex drivingadditional Raman lines. A direct proof of the distortion in
mechanisnt? Eu,CuQ, was recently obtained by neutron diffractifhAs
The influence of Ce doping on the transition has beerCe increases the transition temperature; &0, 1:CuQ,
studied by comparing the superstructure reflection intensitieshould present the superstructure, too; however, this com-
in (Ndg 357Dy 65)1.85C€ 1:CUO, and (NG 35Thg 65,CUC,, See  pound is still superconducting though ifE, is already
Fig. 3. There is only a small effect: for the Ce containingreduced Furthermore, Fuchst al. observe SC and WFM in
sample the intensity has been measured as a function of terthe same Ep,{Gd, ;Cey1<CuO, samplet’ In all published
perature thereby determining the transition temperature frorphase diagrams, SC disappears close to the composition
the I-centered high-temperature phase to f&eam phase, where WFM appears, and where a lattice parameter anomaly
T,_a=50505) K; extrapolation of the intensities measured similar to the one in Fig. 2 is observét:2’ Hence, we sug-
for the Ce-free sample givelg_,=450(15) K. The obtained gest the following interpretation: the rotation distortion
shift in T,_, agrees to a recent measurement onmight not suppress SC but only reduce The However, the
Gd,_,Ce,CuQ, single crystal$?® Qualitatively the increase increased distortion in the samples with the smallRst
of T,_, is explained by the smaller ionic radius of Ceand  might enhance such an effect leading to the observed sup-
the charge transfer into the planes which should enhance th@ession.
equilibrium Cu-O distances. Quantitatively, the 15% Ce dop- Such a relation to the SC reflects the continuous character
ing shifts the transition temperature by abo#tt0 K,  of the rotation transition. Furthermore, it corresponds to the
whereas in the case of JauQ, the Sr doping by the same current understanding of the influence of the tilt transition in
amount reduces the transition by about 350 K. The stronglghe LTO-T phase: the.TO tilt was also shown to reduce
reduced influence of the electronic doping in case offthe and not to suppress,.?! However, it cannot be ruled out
phase might indicate that the charge transfer is incomplete ithat the suppression of SC in tié compounds with small
respect to the amount of Ce substitution. R’s is due to an inefficient or incomplete reduction of the
The phase diagram of NTCCO has been established conoxygen content. It seems worthwhile to remind that for our
bining the different diffraction techniques with the resistivity samples the reduction step had to be performed at lower
and susceptibility measurements, see Fitf Bhe supercon- temperature for increasing Th content. So, a less effective
ducting T, diminishes rapidly with the Tb substitution, su- reduction appears possible. However, it was verified that the
perconductivity(SC) could not be detected for Tb concentra- oxygen content has only a minor influence on the rotation
tions higher than 0.25. For an only slightly higher Th contenttransition by analyzing an oxidized sampfeManthiram and
we observed the rotation distorted phase, with the characteZhu argue that an inherent instability in the case of the
istic superstructure reflections appearing in electron and newmaller ionic radii would prevent a proper reductfén.
tron diffraction, furthermore the plot of the lattice param- In conclusion we have analyzed the structural distortion
eters obtained at 11 K presents the characteristic kink and the superconducting properties in NTCCO. The smaller
0.363). For x=0.55, 0.60, and 0.65 the transition tempera-ionic radius of the Tb ions causes the rotation transition with
tures were determined on analyzing the superstructure reflestrong impacts on several bond distances. Especially the
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Cu-O bonds are elongated. The driving force of the transitiosumption that the rotation of the Cy®quares reduces,
seems to be more complex in nature than the isotropic bonctontinuously resulting into a rather strong effect for larger
length mismatch which can account quantitatively for the tiltrotation angles. The question whether such an effect is re-
transitions in theT phase. sponsible for the nonexistence of SC R,_,CgCuQ,

The phase diagram of NTCCO exhibits an exclusion besamples with smalR’'s needs further analysis on the role of
tween SC at low-Tb concentrations, and the rotation disthe oxygen content and on the character of the charge trans-
torted phase at large concentrations. For some intermediater in these compounds.
concentrations neither SC or a long-range structural defor- We wish to thank G. Andre and B. Rieux for their assis-
mation can be detected. Our data together with the publisheince during the measurements and L. Pintschovius for a
phase diagrams on the WFM were interpreted by the aseritical reading of the manuscript.
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