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57Fe Mossbauer-effect studies on grain-aligned YBa,(Cu,_,Fe, ),0; samples have permitted us to es-
tablish spatial anisotropy of the Fe Debye-Waller factor and electric-field-gradient parameters in the all-

important CuO, planes.

The ratio of the f factor parallel and perpendicular to the c axis,

fe/f1.=2.0(1). Our analysis shows ¥V, to be positive and directed along the c axis but motionally aver-
aged because of rapid fluctuations of oxygen atoms in the planes. Vibrating-sample-magnetometry mea-
surements with the applied field parallel and perpendicular to the ¢ axis show that the critical-current
anisotropy J. /J,. =3.25 and is insensitive to Fe doping concentrations in the range 0 <x <0.03.

I. INTRODUCTION

It is widely believed that superconductivity in the cu-
prates is largely confined to the two-dimensional CuO,
planes, the structural element common to all cuprate su-
perconductors. Spatial anisotropies in physical proper-
ties is a broad manifestation of the layered structure of
these materials. Measurement of these anisotropies is
critical to an understanding of these materials both from
a basic science point of view as well as applications.

Fe as a dopant in YBa,Cu,Oy (1:2:4) appears to replace
Cu(2) sites in the planes exclusively, a point that we dis-
cussed in a recent publication.! This result is in sharp
contrast to the same dopant largely replacing Cu(1) sites
in the linear chains of the 1:2:3 phase.? Fe as a dopant in
the 1:2:4 phase is thus of generic interest. Such doping
studies provide, for example, a rather direct means to sys-
tematically alter the chemistry of the planes and to exam-
ine its effect on the structural, magnetic, and supercon-
ducting properties of these materials.

In this work, we report on room-temperature
Mossbauer spectroscopy, x-ray diffraction, and 7-
dependent magnetization measurements on well-

characterized YBa,(Cu,_,Fe,),O; samples. Both poly-
crystalline and grain-aligned specimens were used. Grain
alignment was achieved in an external magnetic field.3
The grains align with the ¢ axis colinear with the applied
magnetic field. The use of the grain-aligned specimen in
the Mossbauer experiments has permitted us, for the first
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time, to extract both the spatial anisotropy of the mean-
square-displacement (MSD) tensor and the sign and
orientation of the electric-field-gradient (EFG) tensor at
Fe in the CuO, planes.

The results are surprising. These show that the MSD
perpendicular to the c axis is a factor of 4 larger than the
MSD along the c¢ axis. This suggests that the dopant is
localized away from the planes [in relation to Cu(2) sites]
and towards the apical O(1) oxygen site. This displace-
ment alone appears to be insufficient to account for the
observed anisotropy. We suggest that anharmonicities in
vibrational motion of Fe cation parallel to the planes
must play a distinct role in contributing to this unusually
large anisotropy. A specific proposal is advanced in this
regard.

The observed quadrupolar doublet intensity asymmetry
[I, /I_(B)] as a function of the tilt angle (=p) between
the ¢ axis and the y-ray propagation vector (k) can be
reconciled in terms of a positive electric field gradient
with ¥V, residing parallel to the ¢ axis. However, we can-
not account quantitatively for the measured I /I_(B)
ratios assuming a purely static electric hyperfine interac-
tion. Vibrational motion of the planar oxygen sites [O(3),
O(2)] normal to the planes appears to produce a fluctuat-
ing EFG. At room temperature, the stationary relaxa-
tion process appears to be in the fast-relaxation regime.
This motionally averages the radiation patterns of the
quadrupole components to lower the observed I, /I_ ra-
tio from the expected theoretical value for the static case.
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The use of grain-aligned 1:2:4 specimens in vibrating
sample magnetometry experiments provides the critical
current anisotropy J, /J . =3.25 which is found to be in-
sensitive to Fe doping at low concentrations (x $0.02).
We note that the critical-current anisotropy in the 1:2:4:
phase is significantly smaller than the one (~10) in the
homologous 1:2:3 phase.? Possible reasons for this result
are discussed in relation to the crystal structure and
known defects in these materials.

The paper is organized as follows. After describing the
crystal structure of the Y-based 1:2:4 phase in Sec. II, we
provide details on sample preparation and x-ray-
diffraction (XRD) characterization of our samples in Sec.
III. This is followed by experimental results on
Mossbauer-effect and magnetization measurements in
Sec. IV. A complete discussion of the Mossbauer spec-
troscopy results in relation to the Debye-Waller factors
and the EFG tensor and magnetization results in relation
to the critical-current anisotropies are presented in Sec.
V. We conclude with Sec. VI, which provides a summary
of the principal conclusions of this work.

II. CRYSTAL STRUCTURE OF Y ,Ba,Cu,Og

The 1:2:4 phase crystallizes*"® in the Ammm space

group with reflections indexed on an orthorhombic cell.
The cell parameters at 300 K are a =3.8413(3) A,
b =3.8713(5) A, ¢ =27.240(2) A. The structure of 1:2:4
is closely related to that of 1:2:3, its homologous partner.
Both cuprates possess two-dimensional CuO, planes with
the 1:2:3 material possessing a linear (CuO;) chain be-
tween a pair of (CuQO,) planes, but 1:2:4 possessing double
chains (Cu,0,), i.e., ribbons between the pairs of (CuO,)
planes as sketched in Fig. 1. A remarkable feature of this
structure is that the O(4) oxygen ribbon sites are three-

FIG. 1. Crystal structure of YBa,Cu,O; showing half of the
unit cell. The Cu(2) sites in the planes are separated by Cu,0,
ribbons extending along the b axis.

fold coordinated instead of two as in the linear chains of
the 1:2:3 material. This structural difference is thought
to render the ribbons chemically more stable than the
linear chains. This is probably the reason for the oxygen
stability and the strikingly different Fe dopant site occu-
pancy in the 1:2:4 material in relation to the 1:2:3 materi-
al.

Kaldis et al.” have recently examined the structure of
1:2:4 as a function of temperature using powder neutron-
diffraction measurements. They refined their results in
terms of an anisotropic MSD of atoms and have noted
anomalously large dlsplacemcnt of the planar oxygen
sites out of the planes, i.e., (z2)/(x2)=0.62 A%/0.23
A2—2 70 for O@) and (z2)/(x?)=1.03 A%/0.23

=4.48 for O(3) sites. The planar Cu(2) sites also
d1sp1ay a significant anisotropy of the MSD, with the ra-
tio {z2)/{x%)=1.00 A2/0.15 A=6.67. We note from
their results that the Cu(2)—O(3) and Cu(2)—O(2) bond
lengths of 1.95 and 1.93 A are very nearly the same, but
these are distinctly smaller than the Cu(2)—Q(1) bond
length with the apical oxygen atom of 2.27 A. These
bond-length results indicate that the Cu(2)—O(2) or
—O(3) bond can be characterized as a “o” bond being
close to the sum of Cu?* and 0%~ covalent radii. The
longer Cu(2)—O(1) bond, on the other hand, is better un-
derstood as a combination of 7-o interaction, with an at-
tractive o interaction resulting due to overlap of the Cu
d > and O p, orbitals and a significant 7 repulsion setting

in along the z axis between the occupied d,, and d,, or-
bitals of Cu and the p, and p, orbitals of the apical O(1)
site. These chemical-bonding considerations permit
reconciling the spat1al anisotropy of the Cu(2) MSD: a
smaller Value (0.15 A?) in the plane and a much larger
one (1.00 A% normal to the plane. We shall return to this
result later while discussing the Fe** MSD in the CuO,
planes which displays just the reverse trend.

III. SAMPLE PREPARATION
AND X-RAY DIFFRACTION

Bulk 1:2:4 superconducting samples were prepared by
a solid-state reaction of YBa,(Cu,_,Fe,);0,_5 at x =0
and 0.02, and CuO precursors at 900 °C in an oxygen am-
bient of 221 atmospheres. Preparation of the Fe-doped
1:2:3 material has been described earlier.® The precursor
powder mixture contained in Au tubing loosely crimped
at both ends was held vertical in an autoclave and reacted
for a 24-h period. Samples were then slowly cooled from
900 °C to room temperature over an 8-h period. Powder
x-ray-diffraction scans of the Fe-doped 1:2:4 and pristine
sample (shown in Fig. 2) display a single-phase ortho-
rhombic sample with lattice parameters a =3.835(2) A,
b =3.870(2) A and ¢ =27.216(5) A at x=0 .and
a=3.835(2) A, b=3.879(2) A, and ¢ =27.120(5) A at
x =0.02.

Some of the pristine and Fe-doped 1:2:4 polycrystalline
samples were finely crushed and grain aligned at room
temperature in a 9.4-T magnetic field using Duro epoxy
as a potting medium. The procedure has been discussed
earlier by Farrell et al.®> This resulted in a pill ~1 in. in
diameter by L in. thick with the c axis of the grains



along the applied magnetic field (also the pill axis). Fig-
ure 3 shows an XRD scan of the grain-aligned specimen
with x rays incident on the pill face as sketched in the in-
set of Fig. 3. We note in Fig. 3 that only (00/) reflections
are observed in this geometry. This clearly confirms the
c-axis alignment of the grains perpendicular to the pill
face in our samples.

The degree of grain alignment in our samples has been
quantitatively checked by recording XRD scans with the
x-ray beam incident perpendicular to the c axis. For this
scattering geometry, only (hkl) reflections with / =0 are
expected. We observe (110), (020), and (200) reflections as
anticipated. This indicates a high degree (>98%) of
grain alignment of our sample. The narrow width of the
(00!) peaks seen in Fig. 3 provides further evidence that
the individual grains do align with high degree of paral-
lelism.

At low angles (0<6<12°), the XRD scans clearly
show the (002), (004), and (006) reflections coharacteristic
of the 1:2:4 phase. The c cell length of 27.2 A in the 1:2:4
phase results in the (002) reflection at 26=6.8" corre-
sponding to a d spacing of 13.6 A. The presence of the
1:2:3 and 2:4:7 phases in our samples would respectively
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FIG. 2. XRD scans of pristine and 2 at. % Fe-doped 1:2:4
samples prepared by high-pressure sintering of precursors in an
oxygen ambient reveal a remarkable similarity. The asterisks
designate impurity phase peaks.
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show (001) reflections at a d spacing of 11.7 A and (004)
reflection at a d spacing of 12.55 A from these phases.
These are clearly absent in the XRD scans of our sam-
ples. Thus, XRD scans serve to confirm the single-phase
nature of our samples and the high degree of grain align-
ment presently achieved. In some samples where the
high-pressure sintering reaction did not proceed to com-
pletion either due to lack of oxygen resulting from com-
plete crimping of both ends of the Au tubing or from a
bend in the Au tubing alloying it shut at 900 °C, clear evi-
dence of an unreacted 1:2:3 phase was observed from
XRD scans. The transition temperature and Mossbauer
spectra of such samples looked qualitatively different
from those of the single-phase 1:2:4 samples. Results on
such mixed-phase samples are excluded from this work.
We suppose that one of the reasons Morris et al.’ con-
cluded a destabilization of the 1:2:4 phase occurs upon Fe
doping at a concentration of only x =0.012 is probably
the result of an incompletely oxidized precursor. In our
laboratory, we have succeeded in preparing single-phase
samples of Fe-doped 1:2:4 at x =0.03. (See Fig. 8.)
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FIG. 3. XRD scans of grain-aligned pristine and 2 at. % Fe-
doped 1:2:4 samples taken with x rays incident along the c axis
as indicated. Only (00/) peaks are observed as expected for such
a geometry confirming that the c axis of the grains align parallel
to the applied external field.
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FIG. 4. Room-temperature Mossbauer-effect spectrum of a
2 at. % Fe-doped 1:2:4 sampler deconvoluted in terms of four
quadrupole doublets B’, B, A, and C. The former (B’ and B)
represent plane sites while the latter ( 4 and C) represent defect
chain sites.

IV. EXPERIMENTAL RESULTS

In this section we present Mdssbauer spectroscopy and
magnetization results on Fe-doped 1:2:4 samples. Results
on both polycrystalline and grain-aligned specimens will
be presented. In the next section we shall discuss the im-
plications of these results.

A. Mossbauer spectroscopy

A conventional constant acceleration electromechani-
cal drive was used to record room-temperature °'Fe
Mossbauer spectra using a 10 mCi >’Co in Pd metal
source of the 14.4-keV radiation. A Kr proportional
counter was used to detect the x- and y-ray radiation.
All spectral line shapes were least-squares fit in terms of a
superposition of the requisite number of doublets possess-
ing a Lorentzian profile using software developed to run
on a 286-based PC and to generate plots on a Hewlett-
Packard color-pro plotter. Isomer shifts are quoted rela-
tive to a-Fe at room temperature.

Figure 4 displays spectrum of a randomly oriented
2 at. % doped 1:2:4 sample. The line shape is analyzed in
terms of two majority (B’,B) and two minority (A4,C)
quadrupole doublets with splittings and isomer shifts tab-
ulated in Table I. The justification for line-shape analysis
in terms of four sites was eluded to earlier in our work on
YBa,(Cu, _ ,Fe,),O; samples as a function of Fe concen-
tration.! There we noted that sites B and B’ are plane
sites while the minority C and A sites represent chain
sites. These latter sites are believed to occur at stacking
faults in the 1:2:4 samples.

Figure 5 displays spectra of a 2 at. % Fe-doped 1:2:4
sample taken after grain alignment. Spectra taken at
several tilt angles B in the range O0<B<w/2 are
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FIG. 5. Room-temperature Mdssbauer-effect spectra of a
2 at. % Fe-doped 1:2:4 sample taken after grain alignment. The
spectra from top to bottom are taken at tilt angles B (between k
and the c axis as shown in inset of Fig. 6) of 0°, 30°, 60°, and 90°,
respectively.



TABLE I. Room-temperature *’Fe Mdssbauer-effect parame-
ters of various sites observed in the spectrum of a
YBa,(Cu,_, Fe,),Oz x =0.02 sample shown in Fig. 4.

Site 8% (mm/s) A (mm/s) I, /T (%)
B’ 0.31(1) 0.77(2) 0.67(3)
B 0.15(1) 0.40(5) 0.14(2)
C 0.09(1) 1.16(1) 0.14(3)
A 0.04(2) 1.84(2) 0.05(3)

?Relative to Fe metal at RT.

displayed. The tilt angle is defined as the angle between
the ¢ axis (also the pill axis) and the y-ray propagation
direction (see inset of Fig. 6). Note that at =0, the posi-
tive velocity member of the B’ quadrupole doublet has a
larger integrated (7, ) intensity than the negative velocity
member (I_), i.e., I, /I_>1. The situation is reversed
at B=mw/2 where I, /I_<1. To obtain spectra at
B=m/2, the pill was sliced in four equal segments with a
sharp knife and the pieces stacked to obtain a respectable
area (~1X3 in.2) for y propagation perpendicular to
the ¢ axis. The I, /I_(f) variation for the B’ doublet
emerging from the spectra of Fig. 5 is summarized in Fig.
6. To deconvolute the spectra, the I, /I_(B) variation
for the minority 4 and C chain sites was kept fixed to
values we observed earlier in 1:2:3 samples.® Further-
more, in our line-shape analysis the I, /I _(f3) values for
the B site were constrained to those of the B’ site.

We note from the spectra of Fig. 5 that the size of the
Mossbauer effect along the ¢ axis (8=0) is larger than the
size perpendicular to the ¢ axis (B=w/2). When the in-
tegated intensities are normalized to absorber thickness,
we find that the probability of ¥ emission without recoil
along the c axis (f,) is larger than its value perpendicular
(f ) to the c axis by a ratio of 2.0(1). The natural loga-

n=0

(B)
-
1

B
R
*

(B) or

1,
I

] 15 30 45 60 75 S0

FIG. 6. Measured quadrupolar doublet intensity ratio
I, /1_(B) as a function of 8 deduced from spectra of Fig. 5 is
plotted as data points and joined by a dashed line as a guide to
the eye. P,/P,(B) as a function of B for =0 and =1 shown
as continuous lines are plots of Eq. (5) in text.
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rithm of the area ratio f(B)/f (w/2) is plotted as a func-
tion of the angle B in Fig. 7. The smooth line is a plot of
the function

In[f(B)/f(w/2)]=—k?A,cos’B ,

where k =2w/A is the y-ray wave vector and
A;=((z?)—(x?)) is the MSD difference along the ¢
axis ({z2)) and perpendicular to the ¢ axis ({x2)). The
magnitude of A4, is deduced by normalizing the observed
result at B=0 and yields a value of 1.29(5)X 1072 A2
The one parameter fit to the four data points in Fig. 7
does an excellent job of reproducing the results. We shall
return to discuss these results in the next section.

B. Magnetization measurements

We have used a vibrating-sample-magnetometer EG
and G-PAR model 4500 with an APD cryogenics Displex
Helium closed-cycle cryostat (model DMX-19) to record
magnetization hysteresis loops as a function of tempera-
ture in the range 11<7T <300 K. Measurements were
taken on both polycrystalline and grain-aligned speci-
mens. The former measurements permitted us to estab-
lish T, from a T dependence of the diamagnetic suscepti-
bility while the latter measurements made possible estab-
lishing the magnetic critical-current anisotropy in the
1:2:4 system.

Figure 8 displays the T dependence of the diamagnetic
susceptibility x(T') for the 2 at. % Fe-doped 1:2:4 sample
which reveals a T, =62 K. This may be compared to the
T, of a pristine 1:2:4 sample of 81.2 K. Not only does T,
decrease with x, but the width of the transition AT,
broadens with increasing x as well. The superconducting
volume fraction of the pristine sample can be deduced
from the saturation diamagnetic susceptibility y,, at
T=12K to be 38.5X 1073 emu/g G. Using the theoreti-
cal density of the 1:2:4 sample as 5.889 g/cm?, we obtain
a dimensionless y=25.2X10"% which represents about
24% of 1/4m. The plot of Fig. 8 shows that substantial
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FIG. 7. Natural logarithm of the f factor normalized to its
value at B=w/2, Inf(B)/f(mw/2) as a function of B deduced
from the spectra of Fig. 5. The solid line is a plot of Eq. (3) with
the ratio normalized at B=0.
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FIG. 8. dc susceptibility x(x,T) of Fe-doped 1:2:4 samples
deduced from vibrating sample magnetometry. The Fe-doping
concentrations, x, are indicated in %.

reduction in the superconducting volume fraction occurs
in proportion to Fe doping in 1:2:4 samples.

A grain-aligned sample mounted on a VSM sample
holder was inserted in the sample chamber so that the ¢
axis was nominally parallel to the external magnetic field
from a 10-kOe electromagnet. Next, the head of the
VSM was rotated by angle 6 in relation to the magnetic-
field axis, and the magnetization response recorded as a
function of 6. A maximum in the magnetization signal
was chosen to define =0, i.e., the sample c axis parallel
to H.

Figure 9 displays the magnetization hysteresis loops
for the pristine sample taken for H parallel and perpen-
dicular to the c¢ axis. We note that the magnetization
hysteresis Am at an external field H =5 kOe in the paral-
lel geometry exceeds the omne in the perpendicular
geometry by a ratio Am_ /Am, =3.25. This ratio was
found not to change measurably in the Fe-doped 1:2:4
samples. We shall return to discuss the underlying criti-
cal current anisotropy in Sec. V.

2
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FIG. 9. Magnetization hysteresis loops for grain-aligned pris-
tine 1:2:4 samples taken with the ¢ axis parallel (a) and perpen-
dicular (b) to the applied magnetic field H. The larger loop in
the top panel shows that J, flowing in the CuO, planes is larger
than J,, normal to the planes by a factor of 3.25.

V. DISCUSSION OF RESULTS

From a compositional study of the
YBa,(Cu,_,Fe, ),O4 system, the microscopic nature of
the Fe-dopant planar sites (B and B’) in the 1:2:4 host
was elucidated in Ref. 1. It may be pertinent to recall
here that site B’ is thought to represent Fe’" replacing
Cu(2) sites and to possess a square pyramidal coordina-
tion, similar though not identical to the Cu(2) cation.
Site B is a variant of site B’ and is thought to possess a
quasioctahedral coordination. Such a coordination is
realized with occupancy of the oxygen vacancy site in the
Y plane in the immediate vicinity of site B'.

Site B may thus be visualized as the fate of site B’
when oxygen is locally absorbed in the Fe-doped 1:2:4
material. The results presented in this work permit us to
establish the MSD and EFG tensors for the planar site
B’. In addition to these two results, we shall also discuss
the critical-current anisotropy deduced presently from
grain-aligned 1:2:4 samples in the following section.

A. *’Fe mean-square-displacement tensor in CuO, planes

An upper limit to the effective absorber thickness
T =noyf of the 2 at. % Fe-doped 1:2:4 sample used in
our Mossbauer measurements is calculated from the mass
per unit area of the absorber, and it is found to be
T =0.45(5), taking f=1. This represents a thin ab-
sorber by definition. The integrated area under the reso-
nance in such a case becomes directly proportional to the
f factor.

If Fe were to substitute at Cu(2) sites in the host struc-
ture, given the cylindrical symmetry of this site, one ex-
pects the angular dependence of the f factor to be given
by

f(B)=exp(—k*(z?)cos’B—k*(x?)sin’B) , (1)

where (z?) and (x?) represents the MSD perpendicular
and parallel to the CuO, planes and B the polar angle
with respect to the ¢ axis. Equation (1) can be rewritten
as follows:

f(B)=e

where A,=(z?)—(x?) and is a measure of the asym-
metry in the MSD. Equation (2) implies that

—szScosZBe_kuxZ) ’ (2)

fB) _ 2 2
In—>—~——=—k*“AcosP . (3)
f(m/2) scosP

Equation (3) provides a justification for the plot of Fig.
7 which yielded 4, =1.29(5)Xx 1072 A% or

FOV/flm/2)=Ff./f.=2.0(1) .

We have independently measured the T dependence of
the f factor of site B’ in grain-aligned samples for k
parallel to the ¢ axis and find that the f(T) results are
consistent with a Debye temperature 6,=450(10) K.
This leads to an f factor along the ¢ axis at room temper-
ature of

£.=0.81(3) .
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Given that f_./f,.=2.(1), it follows that f,,=0.40. At
room temperature we thus obtain, for the Fe dopant,

(22).=0.39X1072 A?
(x2)p=1.68X10"2 A2,

Thus, the Fe MSD parallel to the CuO, plane ({x?),)
is a factor of 4.27 larger than the displacement perpendic-
ular to the planes ({z2)g,). Powder neutron-diffraction
measurements’ reveal that the MSD of Cu(2) sites in this
material are

(z2),=1.31X1072 AZ,
(x2)c,=0.26X107% A?,

i.e., the displacement of Cu(2) sites parallel to the planes
({x2?)¢,) is nearly a factor of 5 smaller than its magni-
tude perpendicular to the planes ({z%),). Given that
Cu(2)—0(2) and Cu(2)—O0O(3) bond lengths of 1.93 and
1.95 A in the plane are significantly shorter than the
Cu(2)—O(1) bond length of 2.28 A perpendicular to the
planes, the smaller MSD of Cu(2) in the plane can be
reconciled more or less.

To reconcile the ’Fe MSD results with site location in
the planes, we must require the dopant to be displaced
away from the planes along the c axis to form a o bond of
about 1.90 A with the apical O(1) sites as shown in Fig.
10. The Fe bond length with the O(2) and O(3) sites in
the planes, as a consequence of the displacement towards
the O(1) site, is probably increased to 2.0 A in relation to
that of Cu of 1.94 A, but must clearly continue to be pri-
marily o in character involving Fe dxz_yz state over-

lapping with O p, and p, states. .
The shorter length of the Fe>*—O(1) bond (1.90 A) in

PRISTINE

o

(a) (b)

FIG. 10. (a) The coordination of Cu(2) sites in pristine 1:2:4
showing the square pyramidal geometry, (b) the proposed coor-
dination of site B’ showing Fe localized in the planes as suggest-
ed from the Mdssbauer spectroscopy measurements. Note that,
when the vacant oxygen site in the Y-plane is occupied in the vi-
cinity of the Fe dopant, the quasioctahedral site in question be-
comes site B.

relation to the Cu?*—O(1) bond (2.28 A) suggested above
could originate chemically from a reduced 7 repulsion
between the d,,, d,,, and p, and p, orbitals. We note
that, for Cu?", the d,, orbital is fully occupied while for
Fe** only half occupied as illustrated in Fig. 11. Furth-
ermore, the higher cation charge for Fe** in relation to
Cu?" will result in a larger Coulomb repulsion from the
Y3 plane, thus again forcing the dopant to be displaced
away from the CuO, planes towards the apical O(1) oxy-
gen site. Finally, the ionic radius of Fe’* (0.55 A) is
smaller than that of Cu?* (0.62 A) leading to a smaller o
bond length of Fe**—O(1) in relation to the Cu?>*—O(1)
bond.

It is pertinent to remark here that the B’ site isomer
shift is characteristic of a high-spin Fe’" species and the
relevant crystal-field splittings are illustrated in Fig. 11.
For a high-spin Fe** species (S,=3%), one predicts an
internal magnetic field (H,) of about 55 T following the
22(S,) rule. Indeed, we have observed magnetic order-
ing at low T (T =4.2 K) revealing H,,~44.6(3) T for
site B’, confirming the proposed spin assignment from
the isomer shift. This is a point we shall elaborate in a
forthcoming publication where T-dependent Mdssbauer
spectroscopy results will be discussed on the present sys-
tem comprehensively.

The spatial anisotropy of the MSD associated with the
B’ site is unusual. To gain insights into this result, it is
instructive to compare the present result to the celebrat-
ed case of a CsCg graphite-intercalation compound.
Large anisotropies in the f factor were documented ear-
lier'® for CsCy using the '33Cs Mossbauer effect. In
graphite, the in-plane versus out-of-plane chemical bond-
ing is, of course, known to be strikingly different, being
covalent in one case and van der Waals in the other. In
spite of this we note that the observed f-factor anisotropy
fi1c/f.=20 for CsCg translates into a MSD ratio
(z2)/{x?) of only 3+ The higher energy of the y transi-
tion in 133Cs (81 keV) versus S’Fe (14.4 keV) makes f fac-
tors in Cs very sensitive to small changes in the MSD.
The Fe dopant in the planes of the 1:2:4 material clearly

Fe cu®
dx2 2 —
d;2 —H—
d
t2 de —i—
=4 d,, 0y, ==
Cubic  Tetragonal

FIG. 11. Crystal-field levels of Fe3* high spin (site B’) and
Cu?* in a cubic and tetragonal field.
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displays a larger anisotropy of the MSD than even Cs in
CsCg. Such an extraordinary result, in our view, cannot
be reconciled in terms of purely harmonic interatomic
forces, particularly because one does not expect Fe in-
plane and out-of-plane chemical bonding in the CuO,
planes to be all that different in character. It is clear
from these room-temperature MSD results that the
motion of Fe parallel to the CuO, plane is rather unusual
and is a point we shall return to in our discussion of the
EFG tensor next.

B. 'Fe electric-field-gradient tensor in CuO, planes

The sign of the quadrupole coupling e?qQ is uniquely
fixed if one can identify the positive velocity peak in a
Mogssbauer spectrum with either the w(3—1) or
0(4—1) quadrupole component. It is well known that
the angular distribution of the 7 and ¢ quadrupole com-
ponents in the principal axis system (PAS) of the EFG

tensor is given'! by

P)(08)
1 1
2 8(1+72/3)'2

(3 cos’0— 1+ sin’6 cos’s) ,

(4)
where n=(V,,—V,,)/V,, and 6,¢ represent y-ray prop-
agation direction relative to the PAS system of the EFG
tensor.

In a previous paper,!' we examined the consequences
of two obvious possibilities for the orientation of PAS of
the EFG tensor with respect to the crystal axes in ortho-
rhombic YBa,Cu;0,_s; one when V,, is parallel to the c
axis and the other when it is perpendicular to it. We not-
ed that, in the former case, 6=/3, and the angular distri-
butions simplify to

1 3cos?B—1
P_ . \(B) > +( )8(1+n2/3)1/2 . (5)

If Fe substitutes at Cu(2) sites in the orthorhombic
1:2:4 structure, the local site symmetry requires V,, at Fe,
as at Cul(2) sites, to reside along the ¢ axis. Furthermore,
since Cu(2)—O0(2) and Cu(2)—O(3) bond lengths in the
pristine material are nearly the same, one can expect the
>TFe EFG tensor to be axially symmetric (7~0), as de-
duced by Brinkmann'!? and several other groups from
9Cu and %Cu NQR studies on the pristine material. If
the Fe dopant does not substitute Cu(2) sites but is dis-
placed towards the apical oxygen site O(1) along the
Cu(2)—O(1) bond axis, one still expects V,, to continue to
reside along the ¢ axis and the asymmetry parameter
n~0. The expected theoretical variation of the intensity
ratio P, /P, (f3) for the two extreme 7 values is plotted in
Fig. 6 as the solid curves. While these theoretical curves
broadly reproduce the overall trend of the present experi-
mental results (shown by the solid circles and dashed
line), it is nevertheless also clear that there is a substantial
discrepancy by nearly a factor of 2 between the observed
(I, /I_=1.7) and the expected (P, /P, =3.0) quadru-
polar doublet intensity asymmetry at $=0. It would be
pertinent to remark here that I, /I_(B) trends for the

chain sites 4 and C that we examined earlier!! in grain-
aligned 1:2:3 samples display two features that are dis-
tinct from the ones observed in the plane sites B and B'.
First, the I, /I _(f) variation for the chain sites displays
a pattern that has the opposite sense than the one seen
for the plane sites. Second, the measured I, /I _(f3) ratio
for the chain sites agrees remarkably well with the ex-
pected P_ /P (B) ratio in the static case.

One can categorically state that, if one identifies the
positive (negative) velocity components of the site B’
quadrupole doublet with the 7 (o) transitions, then the
sign of the quadrupole coupling (e?gQ) is positive, i.e.,
the sign of ¥, is positive, as the sign of the *’Fe nuclear
quadrupole moment (Q) is known!® to be positive
(+0.082) b. A point-charge calculation of the EFG due
to the five nearest-neighbor (NN) oxygen sites yields a
positive sign for V,, as expected from local site-symmetry
considerations. Such a solution appears to us to be the
physically plausible one because of the absence of the
sixth-NN oxygen site in the Y plane. Such a coordina-
tion will give rise to a prolate charge (positive) distribu-
tion around the Fe3™" cation.

We next consider the reverse assignment, i.e., the posi-
tive (negative) quadrupole component represent the o ()
transition. Only for V,, directed perpendicular to the ¢
axis can one expect the P, /P_(f) trend to match up with
observed behavior of I, /I_(fB). This assignment leads
at =0, P,/P,=5/3=1.7, which fits the observed
I, /I_(B=0) of 1.7 perfectly. At B=m/2, we recognize
that a spatial averaging occurs since the a and b axes
occur randomly in the plane normal to the ¢ axis in these
grain-aligned specimens. Theoretically, one expects the
ratio P, /P (B=m/2)=0.78, which may be compared to
the observed I, /I _(B=m/2)=0.62(2). Here, again, we
note a significant discrepancy between the observed and
expected intensity ratio. The present assignment leads to
a negative V,,, however. This, in our judgment, is physi-
cally implausible for a planar site given the square py-
ramidal coordination of site B’. It is on this basis we re-
ject the assignment of a negative quadrupole coupling for
site B'.

For a positive e?qQ, the discrepancy between
I, /I _(B=0)=1.7 and the expected P_/P (=0)=3.0
has a trivial explanation, viz., the grain-aligned samples
are only partially aligned. To account for a reduction in
the I, /I _(3=0) ratio by a factor of 2 would require the
grains to be misaligned relative to the c axis by at least
35° on an average. This may be seen from Fig. 6 where
the P_/P,(B) plot at =0 shows a halving from =0 to
B=35°. Such an explanation appears untenable to us
given the high degree (>98%) of grain alignment sug-
gested by our XRD scans and the narrow width of the
Bragg peaks.

A physically more plausible reason for the factor of 2
loss in the quadrupole intensity asymmetry I /I_(B=0)
probably results from an averaging process intrinsic to
the layered structure of these cuprates, i.e., a stationary
fluctuation of the EFG in the planes. Specifically, we
propose that a motion of the planar oxygen O(3) and O(2)
sites normal to the planes produces a time-dependent



45 MOSSBAUER-EFFECT STUDIES AND MAGNETIZATION OF . . . 929

EFG. In the cuprates the large displacements inferred
from static structure factors (neutron-diffraction mea-
surements’) may indicate possible dynamical effects, with
anions and cations hopping between two locations in an
anharmonic (flat-bottomed or double-well) potential.
Consider, for example, the out-of-phase displacement of
the planar oxygen sites O(3) and O(2) normal to the
planes as sketched in Fig. 12. The mode in question is
not Raman active.!* We visualize the rocking motion of
the planar oxygen sites to produce a fluctuating EFG at
the Fe-dopant site. Given that the O(3) oxygen sites dis-
place as much as 0.11 A normal to the planes, we can ex-
pect not only (i) the magnitude of V,, to change as the
FeOs polyhedron rocks, but also (ii) the direction of V,,
to tilt relative to the ¢ axis. Furthermore, if the displace-
ments of the O(2) and O(3) oxygen atoms normal to the
planes are unequal, as is suggested by the powder
neutron-diffraction measurements,’ then the square base
of the FeOs; polyhedron in its mean position will undergo
a rhombic distortion at the extreme positions. Such a (iii)
dynamic change in symmetry will induce a finite 7 for the
EFG tensor. Thus, we believe factors (i), (ii), and (iii) as-
sociated with the rocking vibration of the planar oxygen
sites, each additively contribute to a motional averaging
of the quadrupolar doublet intensity ratio (I, /I_) and
lowers the observed value (1.7) in relation to the theoreti-
cally expected value (3.0) for a static EFG. Here we be-
lieve that the correlation time for the fluctuation (r,) is
much smaller than the interaction time (r;,,) for the >’Fe
nucleus to sense the EFG. From the observed quadru-
pole splitting, we calculate 7;,,=#/AEq =8.8 ns and be-
lieve that 7, indeed must be <<7;,, since 7, determined
by Debye frequencies is of the order of 10712 s. This in-
sures stationary relaxation in the fast-relaxation regime at
room temperature. A detailed theoretical calculation of a
fluctuating EFG based on such a model is certainly in or-
der to check the validity of these ideas.

LRI

FIG. 12. Fluctuating EFG at Fe** (site B’) induced by an
out-of-phase motion of planar oxygen sites O(3) and O(2) nor-
mal to the planes. This vibrational mode motionally averages
the asymmetry (I, /I_) of the quadrupole doublet. Note that
the proposed vibrational mode also induces motion of the Fe3*
cation parallel to the CuO, planes.

An attractive feature of the mode vibration sketched in
Fig. 12 is its affect on the vibrational motion of the Fe’*
cation. In relation to the Cu(2) sites, we noted earlier
that the Fe-dopant site is displaced away from the planes
by about 0.4 A. One expects the Fe dopant to respond to
the planar oxygen site motion normal to the planes by ex-
ecuting displacements parallel to the planes. We will
present experimental evidence to suggest that the Fe
motion parallel to the planes is rather anharmonic.'> The
root-mean-square amplitude of Fe motion parallel to the
planes, ie., V' (x?)=0.13 A, and it amounts to 6% of
the Fe—O(Z) and Fe—O(3) bond length. It is difficult to
understand as large a spatial anisotropy of the MSD as
we have observed for Fe in the planes if one assumes that
the Fe bonding with its five oxygen NN’s (all bond
lengths 1.9-2.0 A to be described by harmonic forces
alone).

C. Critical-current anisotropy in 1:2:4

One may use the Bean critical state model to extract
the critical current (J,) from a measurement of the mag-
netization hysterisis Am for a superconducting sample
containing grains of radius r using the relation

3
JC(A/CmZ)zlLA(_CM ) 6)
r(cm)
Since the observed magnetization hysterisis Am parallel
and normal to the c axis differ by a factor of 3.25, we con-
clude that

Ji /T, =3.25 .

lle

The absolute value of J. at H =5 kOe is calculated
from the Bean formula using r =5 ym, Am =1 emu/g,
and a theoretical density of 5.89 g/cm? to be J,=2X10°
A/cm? at 12 K. This may be compared to a value of
J,=2X10" A/cm? in 1:2:3 material at 4.25 K. Although
the absolute value of J, decreases slightly upon Fe dop-
ing, the critical-current anisotropy J, /J,. remains large-
ly insensitive to Fe-doping concentrations in the range
(x $0.02). Given that the Fe dopant in the 1:2:4 samples
is known to localize in the CuO, planes, it is clear that
such doping does not enhance flux pinning yielding a
higher J..

A somewhat higher critical-current anisotropy , J. /J .
of ~10, is documented for the Y-based 1:2:3 material.’
The insertion of an additional chain in the 1:2:3 struc-
ture, to realize the 1:2:4 structure, may lower the
critical-current anisotropy largely because of an increase
in J),. The “ribbons” in the 1:2:4 phase provide addi-
tional supercurrent paths transverse to the planes when a
magnetic field is applied parallel to the planes.

Critical currents and flux pinning at microstructural
defects in oxide superconductors is a rapidly evolving
area.'® In spite of the short coherence length of 5-20 A,
the present results show that point defects like Fe
dopants in the planes are too small to act as flux-pinning
centers. Larger entities such as stacking faults in mixed-
phase (1:2:3 and 2:4:7) materials and twin planes in 1:2:3
material apparently do indeed enhance J, by acting as
flux-pinning centers.
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VI. CONCLUSIONS

In summary, the use of grain-aligned
YBa,(Cu, _, Fe,),04 samples in Mdssbauer and magneti-
zation experiments has permitted us to establish (a) the
spatial anisotropy of the MSD, (b) the orientation of the
EFG tensor for the Fe’' dopant site localized in the
planes, and (c) the critical-current anisotropy J./J,, in
1:2:4 material and its dependence on Fe doping. Our re-
sults show that the Fe MSD parallel and perpendicular to
the CuO, exhibits a ratio {x?) /{(z?)=4.27(10) which is
in sharp contrast to the corresponding anisotropy for the
Cu?t cation of 0.22 recently measured from powder
neutron-diffraction experiments.” It is suggested that,
when Fe substitutes Cu(2) sites, Fe is localized away from
the planes towards the apical O(1) sites and probably
moves in an anharmonic potential parallel to the planes
to account for the substantial anisotrophy of the MSD.
The *'Fe EFG in the planes is consistent with a positive
sign with V,, directed along the c axis but fluctuating
rapidly at 300 K to motionally average the quadrupolar
doublet intensity asymmetry observed along the c axis.
The fluctuations are thought to derive from a rocking

motion of the FeOs polyhedra as the planar oxygen sites
0O(3) and O(2) display an out-of-phase vibrational motion
normal to the planes. The critical-current anisotropy es-
tablished from dc magnetization measurements using a
VSM show that J_/J, . =3.25 at 12 K and is insensitive
to Fe doping in the planes at low doping concentrations
(0<x <0.02). The critical-current anisotropy in the
1:2:4 material reported here is a factor of 3 smaller than
the one found in the corresponding 1:2:3 material. This
suggests that the presence of the chemically more stable
ribbons in the former material provides current paths
normal to the planes and enhances J,. in relation to the
currents flowing in the linear chains of the 1:2:3 material.
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