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Abstract

In this work we measured the temperature dependence of the static magnetic
susceptibility for Ca-doped Srj4Cuy404; compounds, studied the lattice
mismatch between a CuO, chain and a Cu,Os3 ladder by using electron
diffraction, and found that the magnetic properties and lattice mismatch were
sensitive to the Ca content. Applying a modified ‘cut and projection’ method,
it is found that the lattice mismatch induces the dimers in spin chains to be
decoupled into free spin Cu?*. Further more, Ca doping makes lattice mismatch
larger and more dimers decoupled. The number of dimerized spins and the
number of free spins predicted by this method are in good agreement with those
obtained by fitting the experimental static susceptibility data. This explanation
can be applied not only to the Ca doping cases, but also to the case of oxygen
nonstoichiometry.

1. Introduction

The spin-ladder compounds have attracted much attention since theoretical studies [1, 2]
predicted that S = 1/2 one-dimensional antiferromagnetic Heisenberg chains can form a spin
liquid state and have a spin gap in even-legged ladder structure. In particular, the series of
compounds (Sr, A)14Cu404; (A = Ca, Y, La, etc), which have a two-legged Cu, O3 ladder
and a one-dimensional CuQO; chain, have been studied extensively. In the series of compounds
Sry4—,Ca,Cuy40y4;, the average valence of Cu ions is 4+2.25, which means that there are six
holes per formula unit (fu). They form self-doped systems. It is commonly considered that
most holes are located in the CuO; chains in the Sr;4Cuy;O4; pure compound [3]. When Sr
in the compound is partially substituted by Ca, transfer of holes from the CuO, chain to the
Cu,03 ladder will occur. As Ca content increases, more holes transfer from the chain to the
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ladder, and the electronic conductivity of the compound increases [4]. Under high pressure, an
insulator-to-metal transition takes place in the highly Ca-doped phase, and superconductivity
appears at low temperature [35, 6].

The series of compounds Srjs_,Ca,CupsO4; possesses a layered structure of two
alternating substructures: a Cu,O3 ladder and a CuO; chain (figure 1) [7]. The layers of the
first substructure consist of weakly coupled, two-leg spin ladders along the ¢ direction. The
spins in the ladder are strongly antiferromagnetically coupled on both legs and rungs, due to
the 180° Cu—O—Cu bonds, while the interaction between ladders is very weak through 90° Cu—
O—Cu bonds. Its space group is Fmmm. The second substructure is composed of a weakly
coupled CuO; spin chain along the ¢ direction. The spins in the chain are coupled via two 90°
Cu—O—Cu bonds by the 3d orbital of the Cu>* ions. Its space group is Fmmm (it is Amma
for the pure Srj4Cuy4O4;). Sr (Ca) atoms sit between the two layers. Two substructures nearly
have the same lattice parameters a and b, but they have a large mismatch along the ¢ direction.
The ratio of cr./c. is nearly 10/7 (cp and c. are the lattice parameters of the ladder and the
chain, respectively, along the ¢ direction). It has been shown that there is a strong correlation
between the lattice mismatch and the physical properties [8, 9]. Hiroi et al [8] investigated
the relationship between the misfit and the magnetic susceptibility as a function of oxygen
nonstoichiometry. They pointed out that the lattice misfit along the ¢ direction may induce a
structure modulation in the chain, and this modulation will destroy the ideal charge order state
that coincides with the superlattice period in the chain.

It is normally known that the magnetic properties below 300 K are mainly determined
by the magnetic sequence of Cu ions (both Cu** and Cu*) in the CuO, chain, and there is
a strong relationship between the arrangement of Cu ions in the chain and the superlattice
modulation, especially if doped with some ions, such as Ca, La, Y, etc [5]. The aim of this
paper is to investigate the influence of Ca doping on the microstructure and the relationship
between the microstructure and the magnetic properties. In the present study we measured the
temperature dependence of the static magnetic susceptibility for a series of Srj4—,Ca,Cup4Oy
compounds, and deduced the number of dimerized spins 2Np and the number of free spins
Nr. We also investigated the structure of the compounds by means of electron diffraction. We
found that the magnetic properties, as well as the superstructures, change with increasing Ca
doping content, and that the ratio of ¢; /c. is less than 10/7 for Ca doping. To explain this
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Table 1. The atomic percentage of elements in Sris—,Ca,Cu4Oy4j.

Sr content Ca content Cu content O Content
Cacontent (X)  (atom%) (atom%) (atom%) (atom%)
0 18.23+£2.32 0.0 31.25+1.14  50.52+4.00
3.5 13.61 £1.73 4.544+0.22 31.28+1.14  50.57 +4.00
6.0 1041 +£1.32 7.804+0.37 3130+ 1.15  50.49 +4.00
8.4 7.29 +£0.93 1093 £0.53 31.23+1.14 50.55+£4.00

phenomenon we proposed a model which is based on the modified version of the ‘cut and
projection’ method [10]. It shows that, as Ca content increases, the dimer will be decoupled
into free spins Cu®" in the CuO, chain. This model gives a reasonable explanation between the
observed superstructure and the magnetic properties.

2. Experiment

The samples were prepared by the standard solid-state reaction method. The starting materials
were powders of SrCOj3 (99.0%), CaCOs (99.0%), and CuO (99%). The starting powders
corresponding to Srj4_,Ca,CuyOy4; (x = 0, 3.5, 6, 8.4) compositions were mixed uniformly
by ball milling. The mixed powders were heated for 20 h at 1100 °C in air, and this process was
repeated several times (more than three) with intermediate grindings until the impurity phases
were undetectable. The reacted samples were then pulverized, pressed into pellets and sintered
for 24 h at 940°C in air [11].

Structure determination was carried out by powder x-ray diffraction analysis using a
conventional diffractometer (Bruker AXS D8-Advance). It showed that the samples had a
single phase. The temperature dependence of the static magnetic susceptibility was measured
using a PPMS (Physical Property Measurement System) from 10 to 300 K under a magnetic
field of 1 T. Electron diffraction experiments were performed in a JEOL JEM2010 (HT)
microscope equipped with a Gatan 780 DualView CCD camera at room temperature. The
accelerating voltage used was 200 kV. The electron diffraction patterns were recorded using
the CCD camera, and the distances between any two diffraction spots were measured with
Gatan DigitalMicrograph software.

The chemical compositions were measured using a GENSIS 700 EDAX at 20 kV in a
Sirion FEG scanning electron microscope. Figure 2 shows the EDS spectra. The atomic
percentages after ZAF correction are given in table 1. Because the fluorescence yield decreases
with decreasing atomic number, and the mass absorption coefficients for low-energy x-rays are
very large, the errors in quantitative EDS microanalysis of light elements (Z < 11) are quite
large. Therefore, the oxygen percentages shown in table 1 mainly indicate that the oxygen
contents in the four specimens are nearly equal. To obtain more a believable valence of the Cu
ions, the core-level x-ray photoelectron emission spectra (XPS) of our samples were measured,
as shown in figure 3. The main peak of Cu 2p3/, is 933.8 eV, and the full width at half maximum
height is 3.3 eV. By simulation of Cu 2p3,, with XPSPEAK41, it is found that the percentages
of Cu®* and Cu** in our undoped sample Sr14Cuy404; are 92.13% and 7.87%, respectively.
The average valence of Cu in this system is 2.08. No obvious change in the Cu 2p core-level
induced by partially substituting Sr with Ca was observed. This confirms that the oxygen
contents in the four samples are nearly equal. In the ideal compound Sri4_,Ca,Cuy4QOy;, the
percentage of oxygen per formula is 51.90 atom%. From table 1, we can find that oxygen loss
occurs by Ca substitution. This is in accordance with the results of other groups [S]. We chose
four samples (x = 0, 3.5, 6.0, 8.4) with nearly identical oxygen content for the present study.
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3. Results

3.1. Magnetic susceptibility

The temperature dependences of the magnetic susceptibility x for different Ca-doped samples
are shown in figure 4(a). The magnetic susceptibility increases as Ca content increases. For
the sample with x = 0, x exhibits a broad peak at 80 K and a Curie-like upturn is observed
below 25 K. However, for the Ca-doped samples, the broad peak at 80 K becomes ambiguous,
because the Curie—Weiss magnetic susceptibility increases with the Ca content. This result is
in agreement with the result reported in [5]. The total magnetic susceptibility can be described
as:

Xtotal = Xconst T XCW + Xchain + Xladder- (1)



J. Phys.: Condens. Matter 19 (2007) 196224 J Wang et al

Cu2p3z Main Peak

Satellite Peak

) ! ' ! ) Figure 3. The core-level x-ray photoelectron
945 940 935 930 ..
emission spectra of Srj4_yCa,Cup404; com-
Binding Energy (eV) pounds.

Here, xconst 1 @ temperature-independent term, xcw is a Curie-Weiss term, and Xchain and
Xladder are the magnetic susceptibilities of the spin chains and ladders, respectively. Because
the term of Cu,03 ladder has a large gap of 400 K [12], Xjadder can be ignored in the range of
observation temperature. xcw comes from the contribution of the free spin cu*t /fu, and X hain
can be described with the independent spin-dimer model Xgimer- SO the formula becomes:

Xtotal = Xconst + XCW + Xdimer (2)
where xcw and Xchain are:

xew = C/(T — ©) 3)

C = Np(Na/24)g> g /4ks @)

Xdimer = 2Np(Na/24)g* g /{ks T[3 + exp(Jp/ ks T)1}. )

Here, C is the Curie coefficient, Na is Avogadro’s number, the Landé g-factor is 2.2 for Cut,
and kg and © are the Boltzmann constant and Weiss temperature, respectively. Jp is the dimer
coupling constant. Ng is the number of free spins Cu®" /fu, and Np is the number of dimers
per fu.

Using equation (2) in fitting the x ~ T curve for every sample, we obtained the values
of ®, Jp, Ng, Np as shown in table 2. The Weiss temperature is negative. The number
of free spin Cu®?t increases, and the number of dimers Np decreases with increasing Ca
content, while the measured whole number 2Np + Nr is nearly constant (about 3.80 per
fu), as shown in figure 4(b). It is also found from table 2 that the dimer coupling constant
Jp decreases, and the absolute value of Weiss temperature increases as the dimers are getting
decoupled into free spins by Ca doping and the free spins begin seeing each other, which makes
the antiferromagnetic interaction in CuO, chains increase slightly. For the ideal composite,
2Np + Nr is 4.0. This difference in the value 2Np + Nr (3.80) of the present Ca-doped
samples from 4.0 of the idea compound may be due to the fact that the loss of oxygen induces
a small nonstoichiometry in the contents of metal elements.
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Figure 4. (a) Temperature dependence of static magnetic susceptibility, y, for the different Ca-
doped samples. The solid line is a fit to equation (2) described in the text. (b) Dimerized spins per
fu, 2Np, and free spins, Vg, as a function of the Ca content. The curves in the figure are drawn as a
guide to the eye.

Table 2. Fitting result induced from equation (2).

0K Jp (K) N Np Nk +2Np

X=0 —-052+£0.12 131.0£03 0432+£0.001 1.609 £0.001 3.650 =+ 0.003
X=35 -080£0.17 1253+£13 0.8454+0.001 1.482%0.003 3.809 £ 0.007
X=60 —-120£029 1234+£14 09434+0.003 1.422£0.004 3.787+£0.011
X =84 —-198+021 1228£1.0 0.9774+0.002 1.393£0.003 3.763 £0.008

3.2. Electron diffraction analysis

The structure determined by x-ray diffraction is the average structure in a volume with a
diameter of 0.1 mm at least. Electron microscopy methods, such as electron diffraction
and high-resolution image, can provide complementary information on local structures. In
particular, for the incommensurate composite crystal, it will be easier to obtain the lattice
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mismatch using the electron diffraction method [13]. In a [1 10] zone axis electron diffraction
pattern (EDP) for the sample with x = 6.0, as shown in figure 5(i), there are a lot of
interesting spots in the picture. Figure 5(ii)(a) shows a simulated [110] EDP with kinematical
approximation of electron diffraction. Figure 5(ii)(b) shows the EDP as the multiple diffraction
effect is taken into account, which accords with the experiments very well. The smaller and
darker spots in figure 5(i) result from the multiple diffraction effect. If the lattice has a small
change, the small spots (especially the triple diffraction spots) will move, though the main
spots may not be changed obviously. Figure 6 shows two [110] zone axis EDPs for the samples
with different Ca contents. It is easier to see the difference between the two pictures from the
enlarged parts. This indicates that the distance between the weak spots is very sensitive to the
misfit of the two sublattices.
To estimate the magnitude of the lattice mismatch, we can define a parameter «:

a =cL/ce. (6)

Assuming that the two sublattices match each other in the ideal compound Sr;4Cuy404; with
o = 10/7, the difference between the « of a Ca-doped compound and the ideal value of 10/7
indicates the lattice mismatch. By measuring the distance between weak spots in the [110] zone
axis EDPs of the compounds, we can obtain the values of « for each view field of the samples.
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Figure 7. The statistic distribution of the « for different Ca content.

For each sample with x = 0,3.5,6.0, and 8.4 we chose 17 to 20 different areas for
measuring «. The results of the measurements are shown as the statistic histograms in figure 7.
The measured « values range from 1.430 to 1.40. As Ca content increases, the value of «
decreases, but the tendency becomes slow.

It is noticed that the measured « values of Sr14Cuy404145 with § = 0 by Hiroi et al [8]
ranged from 1.41 to 1.445 with a peak at 1.437, and the value of « increases as the oxygen
content decreases. For our undoped sample, the oxygen content 50.52 atom% is less than
the oxygen content 51.90 atom% of the ideal compound Sr;4Cuy404;, while the value of «
of our undoped sample is about 1.42 with a small distribution, which is smaller than 1.437.
This is inconsistent with the prediction of [8]. This discrepancy may be due to the following
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factors. First, the mismatch is related not only to the density of holes but also to oxygen defects.
The differences in the sample preparations may produce the inconsistency in the results of
mismatch. Second, in [8], the ¢ parameters of the two sublattices were measured on negatives.
We measured the ¢ parameters in digital diffraction patterns by using Gatan DigitalMicrograph
software. The difference in measuring methods may also induce some difference in the results.
Third, as is pointed out by Milat er al [14], the ratio of the sublattice parameters, cr/cc, is
incommensurate and very close to V2 (=1.414...), which favours the assumption that the
building unit, square planar CuQy, is distorted very little in the ladders as well as in the chains.
Fourth, assuming all holes to be in the chains, the average interatomic distance in the chains
should decrease with increasing hole density. The hole density should decrease as the oxygen
content decreases. This means that the lattice parameter cc should increase, and thus cp/cc
should decrease, as oxygen content decreases. Therefore, the result that the parameter o of
our undoped sample is smaller than the value of « for the samples of Srj4Cu4Oy4; in [8] is
reasonable.

4. Discussion

In Sry4Cuy404; compound, since the positions of Cu ions in the CuO, chain can be influenced
by the electrostatic potential of Sr>* ions, which has a period of ¢; /2 in the ladder, some Cu—Cu
bonds are elongated, and some shortened, in order to let Cu ions stay in the extremum points of
the electrostatic potential. Because of this kind of modulation, there are dimers in the chains [8].
When Ca’* ions replace Sr** ions, even if the Ca®* sit precisely at the positions of former Sr**
ions, the Cu ions in the chain should be influenced differently due to the difference between the
electrostatic potential of the Ca>* ions and that of Sr** ions. This will induce differences in
the superstructure and physical properties. Hiroi et al [8] studied the relationship between the
lattice misfit and magnetic susceptibility for oxygen nonstoichiometrical samples. According
to their results that the oxygen deficiency makes the lattice mismatch o« greater than 10/7,
Hiroi et al [8] predicted that the o of Ca-doped samples should be larger than 10/7, because
Ca doping induces oxygen deficiency. However, our experiments show that « is less than 10/7
for Ca-doped samples. This means that the effect of Ca doping on the lattice mismatch and the
magnetic properties has to be taken into account, besides the effect of oxygen deficiency. Also,
according to Hiroi’s model, this situation (¢ < 10/7) would result in a decrease of free spins,
NEg, and an increase of dimers, Np, in CuO, chains, which is in contradiction with the results
shown in figure 4(b) and table 2. Therefore, we proposed a modification to Hiroi’s model to
explain the phenomena for Ca-doped compounds.

We use a modified ‘cut and projection” method [10] to study the incommensurate structure.
The two-dimensional (2D) orthogonal lattice is constructed with two characteristic lengths
I = 3v/2cc and s = 24/2¢, (figure 8), and the one-dimensional (1D) sequence of segments
L =1/3/2 =3ccand S = s/+/2 = 2¢, can be obtained by projecting the zigzag line within
the strip onto a line P with a slope of tan45°. This particular angle ensures that the lengths
of the L and S segments remain unchanged in different projections. Then, the slope of a line
passing through two lattice nodes is [8]:

6 —4a
tanf = = x
3 3a-—4
where @« = cp/c.. In the model of Hiroi ef al [8], a single S segment means dimer (1),
and the excess unpaired longer segment L in the alternating LS segment series produce free
spin Cu?*. This is based on the consideration that, due to the modulation of the ladder, two
neighbouring Cu atoms with an increased distance appear, separated by three Cu atoms with
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decreased bond lengths in the CuO, chain. Also, Cu?* must prefer the expanded positions,
because it has a longer radius than Cu**. The two neighbouring Cu>* form a pair at dimerized
sites. Then the dimer is (7). However, some other experimental measurements, such as a
nuclear magnetic resonance (NMR) study by Takigawa et al [15], neutron inelastic scattering
by Regnault ef al [16], x-ray diffraction by Gotoh er al [17] etc, indicated that the (1 0 )
arrangement forms a dimer. Although there are several arguments for these, there is a common
point, i.e. every five Cu ions contain one dimer, and the excess Cu ions are nonmagnetic
Cu ions. Secondly, according to the result of Gotoh et al [17], in the series of compounds
Sry4—,Ca,Cuy40y41, there are six holes per fu, and it is normally considered that nearly all the
six holes are located in the chain. Because of the large Hubbard correlation of 3d electrons of
the Cu®", the holes are mainly located near the oxygen, and are coupled with the nearby Cu>*
ions to form nonmagnetic Zhang—Rice singlets [15]. For the ideal compounds of « = 10/7,
the magnetic series in CuO, chains is:

£0,00 40400...

where 71, | are the signs of Cu®>" spin with opposite directions, respectively, and 0 denotes
the nonmagnetic Zhang—Rice singlet. Each two spin Cu®" ions are separated by one or two
Zhang-Rice singlets. Two nearby spin of Cu>* ions with one Zhang—Rice singlet in the middle
compose a dimer in the chain, namely (1 0 |). It should be noted that it is not important to
say where the chain starts and where the chain ends for a long chain. Therefore, the magnetic
series in CuO, chain can be written as:

0010, 0040 ...
or
0,001 04007 ...

etc.

Therefore, unlike Hiroi’s model [8] in which the short segment S (=2c¢c¢) and the long
segment L (=3cc) represent dimer and trimer respectively, in the present model it is supposed
that a single L or § segment only represents three or two positions for Cu ions, and a pair of L
and S means five Cu ions that contains a dimer and the remains are nonmagnetic Cu ions. For
the ideal crystal « = 10/7, as shown in figure 8, the sequence is:

LSLSLSLS....

10
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(@)

Figure 9. (a) The cut and projection picture for o = 24/17; every two LS pairs are followed by an
S segment. (b) The cut and projection picture for « = 7/5; every LS is followed by an S segment.

Obviously, 2Np = 4.0 and Nr = 0.0 for the ideal case. For the case of o« = 24/17, as shown
in figure 9(a), the sequence is LSLSSLSLSS ..., in which every two LS pairs are followed
by an S segment. This means that every 12 Cu ions have 3.8 x 12/10 = 4.56 Cu*" (figure 4(b)
shows that there are 3.8 Cu®>" per fu, i.e. each ten ¢ have 3.8 Cu>*). These 12 Cu ions include
two dimers, thus the fragment S contains 4.56 — 4.0 = 0.56 free spins Cu>*. By converting the
unit into the fu, we get 2Np = 4 x 10/12 = 3.33, and Ngp = 0.56 x 10/12 = 0.478, which is
very close to the results for sample with x = O(2Np = 3.22, Ng = 0.43). For the compound
with x = 8.4, the average « is 1.40 = 7/5, as shown in figure 7. This value of « induces a
slope tan @ = 4/3, as shown in figure 9(b). By cut and projection, the sequence is obtained as
LSSLSS ..., and each pair of LS is followed by a S segment. In our model this means that
every seven Cu ions have 3.8 x 7/10 = 2.66 Cu*", and include a dimer formed by two Cu’*.
So the excess segment S induces 0.66 free spin Cu>". By converting the unit to the fu, we get
2Np = 2 x 10/7 = 2.86 and Ng = 0.66 x 10/7 = 0.94 in the formula unit, which accords
with the experiment values (2Np = 2.78, Np = 0.97). Besides, this model can also explain the
case of o greater than 10/7 for the oxygen nonstoichiometrical compounds [8]. For example,
for @« = 13/9, the sequence is LSLSLLSLSL .... Each 13 Cu ions contain two dimers. By
using a total number of spins of 3.5 per fu [8], a similar calculation shows that 2Np = 3.08 and
Nr = 0.42, which is the same as reported in [8]. Hence, we can conclude that the mismatch of
the two sublattices, caused by either Ca doping or oxygen nonstoichiometry, induces a break
up of the ideal sequence LSLSLS ..., and some dimers in spin chains can be decoupled into
free spins Cu?*t. After Ca doping in the Srj4Cu,404; compounds, the lattice mismatch becomes
larger. The larger mismatch will induce more dimers to be decoupled into free spins Cu>*, but
the total number of the Cu®* does not change.

As concerns the effect of Ca doping, it is seen that the magnetic properties and the lattice
mismatch change as the Ca content changes, while the oxygen content is nearly fixed. This
means that Ca substitution for Sr can change the magnetic property, no matter whether there is
oxygen deficiency or not. The Ca doping has two effects. One is that it causes the loss of oxygen
in the compound. Another is that it directly induces lattice misfit. Hence, the influence of Ca
doping on the lattice misfit and the magnetic properties cannot simply be explained merely with
oxygen deficiency. Second, from the viewpoint of microstructure, Sr layers are intercalated
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between the Cu,O3 ladder and the CuO; chain layers. When Sr atoms are partially substituted
by Ca, the electrostatic potential in the Sr layers will be changed. This change influences the
CuO; chains, and as a result some segments are under tensile stress while others are under
compressive stress. To satisfy the principle of minimum strain energy, lattice mismatch will
occur. Therefore, the Ca-doped samples are not equivalent to the oxygen-deficient samples.

5. Summary

In this paper we studied the interplay between a modulated structure and the magnetic
properties of the incommensurate composite crystal Srjs—,Ca,Cuy404;, which has a complex
structure with alternating layers containing CuO, chains and Cu,0O3 ladders. For the Ca-
doped Srj4Cu,404; compounds the characteristic decrease in the magnetic susceptibility below
80 K for pure Srj4Cu404; compound disappears, and their magnetic susceptibility increases
with increasing Ca content. This phenomenon is due to the change of Np and N in the
CuO; chain. The electron diffraction patterns show that the lattice mismatch along the chain
direction between the two substructures increases with increasing Ca content. To understand
the experimental results, we proposed a model by using a cut and projection method. Analyses
show that the sequence of hole distribution of pure Sr;4Cuy404; compound may be broken by
Ca doping, and some dimers are decoupled into free spins.
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