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-'thcoxo-remnepa'rypm,m cnepxnpononuux YBaZCu4O c llaCTM‘{HHM 3ame1uer-meM Y Ha Ca'

*‘uccnenonan Ha neu-rpom-rom (bypbe-nud)pax'romerpe nmcoxono paspemer-mst Ha peax-rope I/IBP 2B :
“LUIMPOKOM AMana3oHe -remnepa'ryp Ans ynenuqenm Pempom-xono xourpacra A, 3ame1ueuun;
_,‘bucnom.aona.vrcn M3oTON “Ca CprKTythlM aHaIH3 nposonwxcsx 10 CrieKTpaM, uamepennhm pH
3‘135 165 1 293 K, remnepa'rypr-ran 32BUCUMOCTD napame-rpon PEIIETKH ONpeAensIach no TOuKaM,
| M3MEPEHHBIM B AIHana3oHe or '8 'mo 288 K. l'Ion-rnep)KneHo HATMUHE CTPYKTYPHOH aHOMAJIMH B
“ofmactu’, TEMIeparyp okono 150 K. OHa TIPOSBISETCS - B peakoM HM3MEHEHUH Koad)dmuuenra‘,
“pacumpeuun BIOJL OCH b, B Heperynnpnoc-m MOBENEHMUS xoadxpuuueu'ra op'ropouﬁuqnoc-m U B’
- 3aMETHOM H3MEHEHNH HEKOTOPBIX JUIMH CBAI3EH: ‘Hauonee 32METHO COKPALUEHHE PACCTONHHS MEXK- "
* Ay aTomMoM Meau Cu2 M MOCTMKOBBIM KHMCI0POZIoM Ol a -rax)xe uauer—rer—me paccro;mmx Me)xny‘
~,uenotu<aMu a-rouon xuc.nopona B CJ10€ CuO SRR - : : - o '
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; Balagurov A. M. etal. ;
Precrsron Fourier Neutron Drffractton Study

:of the Hrgh-Temperature Superconductor Y(“Ca)BaszOs . »;i s

e The high temperature superconductor, YBaZCu408, wrth parttal subsutulon of Ca for Y was,‘
: mvestigated witha hlgh resolutron Fourter neutron dtffractometer overa wrde temperature range The
;“Ca lsotope was used to increase neutron contrast. Structural ana]ysrs was performed for the spectra‘
measured at 135,165, -and 293 K;:the. temperature dependence of the ‘lattice parameters was
determmed from the points measured within the range of 8 to 228 K. The presence ofa structural :
: anomaly inthe proximtty of 150 Kwas confirmed: It manifests itself oy asharp change in the expansmn
‘coefficient along the & axis, irregular behaviour of the orthomobrcity coefficient, and'a noticeable.
‘change in bond length The most distinct change is a ‘contraction of the distance between the Cu2.
copper atom and the aplcal Ol oxygen as well as change in the dlstance between the 02 and 03 atom’,t
‘chams in'the Cuo2 layer L A :
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1. Introductikon

A partial substitution of Ca for Y (~10%) in the superconductor YBa,Cu,Oq
leads to an increase in the superconducting transition temperature from 80 K to
~90 K and the occurrence of a phase transition at T~150 K. The phase transition
was first found by means of elastic and specific heat measurements in a Ca doped
compound’". Indications of its existence were also detected in the powder
neutron diffraction study of Y(Ca)-124’% and the X-ray structure analysis’ 3 of Y-
124 and Y(Ca)-124 single crystals.

_Although the existence of the structural phase transition in Y(Ca)-124 is
considered to be reliably established, the conditions of its occurrence and its
specific manifestations are not altogether clear. In particular, it is contended’?/
that the temperature dependence of lattice parameters a2 and ¢ show a kink at
T~150 K, while parameter b remains almost the same over the entire temperature
range studied. On the other hand paper’” shows a kink in the temperature
dependence of parameter b but no clear effects at T=150 K were observed in the
dependence of 2 and ¢ or concerning the interatomic distances, while paper/ 3/
asserts a significant contraction of the Cu2-O1 bond length and a shortening of the
Y-02,3 and Y-Ba distances below 150 K. ‘

We have attempted to clarify the situation by carrying out an experiment
on the same sample studied earlier in’*. We performed our experiment with the
high-resolution neutron Fourier diffractometer (HRFD) put into operation recently
at the IBR-2 pulsed reactor in Dubna’* . The resolution of HRFD is approximately
2.5 times better than that of the mini-SFINKS diffractometer in Gatchina where the

results of Ref.”% were obtained.

2. Experiment

The neutron diffraction experiment was performed on powdered
YBa,Cu,O; that had 10% of its Y replaced by *Ca. The coherent scattering length
of the “Ca isotope (1.42 F) differs appreciably from that of Y and Ba (by=7.75 F,
bp,=5.07 F) thus facilitating the problem of identifying Ca atoms in the positions of
Y or Ba. The X-ray phase analysis revealed the presence of small amounts of CuO
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. Fig. 1. Diﬁmctian.spectrum from the powdered Y, o Cag1BayCu Oy measured on the
high-resolution Fourier diffractometer at the IBR-2 pulsed reactor showing the

experimental points, profile calculated by the Rietveld method, and the difference curve.

and Y,0; in the sample. The temperature of the superconducting phase transition
was 87 K.

The HRFD diffractometer is a time-of-flight correlation neutron
spectrometer using a Fourier chopper for modulation of the intensity of neutrons
striking the sample. In the theory applying the Fourier chopper to neutron
diffraction technique/ *3/ it has been shown that the correlation analysis of the
scattered neutron intensity allows neutrop diffraction pattern to be reconstructed.
The resolution depends on the frequency of the intensity modulation and the
geometric contribution related to the primary beam collimation, imperfect
response of the detector system, etc. For the HRFD, the attainable time-of-flight
resolution is At/t=0.00025 at d=2 A. The presence of the geometric contribution
widens the diffraction peaks, so the diffractometer resolution was 0.0012 at the
moment of performing the experiment. This value turned out to be optimal for the
experiment on Y(*Ca)-124 because the widths of the diffraction peaks from the
sample were ~30% greater than the resolution function width.

The diffraction spectra were measured with good statistical accuracy at
temperatures of 135, 165, and 293 K; structural analysis was then performed with
these data. Additional measurements were performed at nine temperature points
in the interval of 8 to 288 K. These data were only used for determining the
temperature dependence of the lattice parameters. The spectra were measured
with high resolution by the detector at a fixed mean scattering angle of 26=152° in
the d-spacing range of 0.75 to 3.0 A. Simultaneously, the diffraction spectra were
measured at 20=90° for analysis of the neutron diffraction pattern in the dyy
interval of 3 to 6.0 A. Besides the diffraction peaks from CuO, weak peaks at
d=3.482, 3.079, 2.856, 1.991, 1.705, and 1.651 A, which do not correspond to the
basic phase of Y(*Ca)-124, were found .in the spectra. They can neither be
attributed to the compound Y,0j3, to which the X-ray data pointed, nor to Y-123,
whose presence could have been assumed.

The unit cell parameters were refined using the data from the interval of
135 A < d <297 A; Rietveld structural analysis was performed on the interval
from 0.73 A < d < 297 A. Fig.1 shows portions of the spectrum with the
experimental points, calculated profile, and the difference curve.

3. Results

In the analysis of the measured diffraction spectra, two phases were taken
into account: Y-124 and CuO. For Y( Ca)Ba,Cu,Os, the space group Ammm and

the initial values of the parameters from’® / were used. For the CuO phase, the



following data were taken from’”’: space group C2/c, a=4.6837 A, b=3.4226 A,
¢=5.1288 A, z=4, y,=0.4184.

Table 2. Structural parameters of Y(**Ca)-124 for T=293, 165 and 135 K.
(Two phases: 1- Y124, 2 - CuO; d-range: 0.74 - 2.97 A). ¥Fixed values.

Table 1. Lattice constants of Y(*Ca)-124 as a function of temperature. Posit./ T 298 K T K p—
_ Y 5,5,0
T, K a, A b A . ¢ A n 0.82(1) 0.90 0.90
8 3.83514(10) 3.86613(9) 27.1750(9) B 2056(6) 0.29 02"
75 3.83631(6) 3.86636(5) 27.1923(5) Ba 5,5z
100 3.83687(7) 3.86649(6) 27.2000(5) o 1560) . .
125 3.83742(6) 3.86678(6) 27.2081(5) z 0.13490(8) 0.1347(2) 0.1348(2)
150 3.83814(11) 3.86698(11) 27.2148(11) ‘ = 054(7) 027 027
175 3.83870(13) 3.86756(13) 27.2212(13) Cul 0.0,z
200 3.83954(14) 3.86788(14) 27.2299(14) 2 0.21256(5) 02125(1) 0.2129(1)
{225 3.84023(13) 3.86837(12) 27.2381(13) 5 0363) 027 57
288 3.84212(11) 3.86982(10) 27.2620(10) o 002
z 0.061005) | 0.0618(1) 0.0616(1)
The refined unit cell parameters as a function of temperature are o1 5 gz 040(3) 02 - 027
summarized in Table 1 and illustrated in Fig.2. Fig.3 shows the temperature ~
dependences of the orthorhombicity coefficient © = (b-2)/(b+a) and the unit cell z 0.14621(6) 0.1454(1) 0.1454(1)
volume V.. For b, ¢, and V,, the linear dependences determined by the least square B 0.65(4) 047 04~
method before and after 150 K are drawn. One can see that in the proximity of 150 02 50,2
K the temperature behavior of both these quantities and o changes. This change is z 0.05250(5) 0.0540(1) 0.0542(1)
especially clear for parameter b. » B 0.27(4) 04" 04Y
The structural characteristics of Y(*Ca)-124 as determined for three 03 0,5,z
temperature values are given in Table 2. At room temperature, the z-coordinates, z 0.05288(6) 0.0520(1) 0.0517(1)
thermal parameters By of all independent atoms, and the occupancy factor n of the B 0.06(4) 0.4* 0.4*
Y and Ba positions were refined. The thermal parameters of the atoms turned out 04 0,5z :
to be plausible except the By of Y and O3, with the thermal parameter of Y z 0.21869(6) 0.2197(1) 0.2195(1)
remaining negative for all variants of the data processing (varying the d,; interval, B 0.94(5) 04~ 04%
changing the weight scheme, etc.) A correlation between n and By resulted in n(Y) a, A 3.84106(3) 3.8379(1) 3.8372(1)
being obviously undervalued. At the fixed By(Y)=05, n(Y) was found to be b, A 3.86908(3) 3.8673(1) 3.8669(1)
0.889(5), which is practically equal to the nominal value of 0.9. The population ¢, A 27.2590(3) 27.213(1) 27.204(1)
factor of the Ba position coincides with the nominal value within the limits of r? 23 24 20
error, which confirms the conclusion made earlier’>*’ that it is the Y position and R 0.097 0117 0142
not Ba that is replaced by Ca. This points to the main role in the substitution RD 0.085 - :
mechanism being played by the small ion radius of Ca®**, which practically v - 0.120 0139
coincides with the Y** radius, and not by its valency, which is equal to that of Ba. Ry 0.091 0.099 0.113
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@ Fig. 3. The temperature dependences of the
orthorhombicity coefficient o=(b-a)/(b+a) and
the unit cell volume V =abc. For V., the
linear dependences are drawn over the same
intervals as for parameter b; for o, the curve
is drawn through the experimental points.

< Fig. 2. The dependences of the unit cell
parameters of Y(*Ca)-124 on temperature.
For parameters b and c, linear dependences
calculated by the least square method are
drawn over separate temperature intervals.
For parameter a, experimental points were
approximated by a parabola.
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Fig. 4. Experimental values for the main interatomic bond lengths and distances (in A)

between atom layers (denoted by the index /pl). Shown are the points obtained in this

study (O and @), in Ref/2 (&) and Ref 3/ (). The symbol 1J marks the points calculated

with the O1 atom coordinate taken from /2/ .



In processing the epectra measured at the temperatures of 135 K and 165 K, the
occupancy of the Y and Ba positions was fixed; thermal parameters were not
refined and were set to equal 0.2 and 04 A” for the metal and oxygen atoms,
respectively.

At room temperature, the z-coordinates of the atoms are in good agreement
with values obtained in’* for Y-124 without substitution. The differences between
relative coordinates are no more than 0.0002 ~ 0.0005 A except for the O1 atom. At
135 K, the z-coordinate values are very close to those obtained in Ref.”® for the
same sample at the temperature of 9 K. Table 3 presents the main interatomic
bond lengths and distances between atom layers illustrated in Fig.4. For
comparison, it also contains the corresponding quantities obtained in’** In the
column for T=293 K, two values are given for the distances involving the O1 atom:
the first was obtained for z;=0.1462 (our data) and the second was calculated for
20,=0.1454 which was taken from Ref.”*’. This was done to estimate possible
systematic errors caused by the influence of impurities that were not taken into
account.

Tazle 3. Selected interatomic and interlayer (denoted by the index fpl) distances [in A] of
Y(*Ca)-124 for 135, 165 and 293 K. Data obtained at room temperature from papers .8
are also given. V

135K 165 K 293 K from’” from’
Cu2-01 2.264 12.263 2.323/2.300 | 2.287 2288
Cu1-01 1.844 1.828 1.809/1.831 | 1.841 1.834
Y-Ba 3.667 3.666 3677 3772 . |3.694
Y-02/pl 1474 1.470 1.431 1.420 1427
Y-03/pl 1.406 1415 | 1441 1.439 1.438
Ba-O1/pl  {0.291 0.294 0.308/0.286 | 0.239 0.267
Cul-O4/pl |0.180 0.196 0.167 0.136 0.163

4, Discussion and conclusion

The results of this work confirm the presence of a structural anomaly in Y-
124 doped with Ca in the proximity of 150 K. It manifests jtself by a sharp change
in the expansion coefficient along the b axis, irregularity of the orthorhombicity
coefficient, and a noticeable change in some bond lengths. According to the X-ray
investigation’*’, the most pronounced indication of phase transition is the

shortening of the distance between the Cu2 atom and the apical O1 oxygen atom

as well as a contraction of the Y-02,3 and Y-Ba distances. It follows from our data - -
" that the Cu2-O1 bond indeed changes the most obviously. Even with all possible

systematic errors being taken into account, the contraction is about 0.03 A. The
change in the Y-Ba bond manifests itself less clearly, although it also appears to
take place. Of interest seems to be the situation regarding the distance between the
base plane of the structure (Y layer) and.the O2 and O3 atoms. In Ref.’Y, it was
assumed that the phase transition at 150 K is connected with a change in the shape
of the CuO, plane (atoms Cu2, 02 and 03). Qur data indicate that the distance
between the chains formed by the O2 and O3 atoms in this layer increases along
the z-axis from 0.01 A at the room temperature to 0.05 A in the region of the phase
transition.

These results, as well as the data obtained in Ref./”/, demonstrate that the
structural distinctions of thé phase transition in Y(“Ca)—124 can be investigated
with the help of high-resolution neutron powder diffraction. The disagreement in
the behavior of parameters a and b between our data and data from’” remains
unclear. One of the possible causes could be the ordering of the admixture calcium
atoms along one or another direction in the lattice, which in principle is possible.
Another explanation may be based on the difference between ceramic powder
(our and Ref.’? case) and single crystal (Ref./ ¥ case) data from the point of view
of preparation and internal stresses. For further clarification, a fine scanning over
temperature must be performed in close proximity to the phase transition using a
sample with a smaller amount or, preferably, without any impurities.
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