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Reversible effect of hydrogen on superconductivity and weak ferromagnetism
in Eu1.4Ce0.6MSr2Cu2O102d „M 5Nb and Ru…
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We have investigated the superconducting compounds Eu1.4Ce0.6MSr2Cu2O102d ~M5Nb and Ru! ~Tc522
and 32 K, respectively!, as well as these materials charged with hydrogen, by several complementary experi-
mental techniques. Eu1.4Ce0.6RuSr2Cu2O102d is magnetically ordered atTN5122 K, thusTN@Tc . Supercon-
ductivity ~SC! is confined to the CuO2 planes, and the magnetic ordering is due to the Ru sublattice. Among
many interesting features, irreversibility phenomena at low magnetic fields and a magnetic spin reorientation
transition, which are observed, originate from antisymmetric exchange coupling of the Dzyaloshinsky-Moria
type. The effect of hydrogen~0.35 at. %! is to suppress SC in both compounds and to enhance the weak-
ferromagnetic properties of the Ru sublattice (TN5225 K). In contrast to other high-Tc materials, this effect is
reversible: namely, by depletion of hydrogen, SC is restored in both materials and forM5Ru, theTN drops
back to 122 K.@S0163-1829~98!03001-X#
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INTRODUCTION

The interaction of hydrogen with high-Tc materials has
been studied by many groups in the past and a large am
of data are available.1–4 There is general agreement that h
drogen reduces the number of charge carriers inp-type high-
Tc samples, and that the materials become semiconduc
and magnetic at high hydrogen concentrations. We h
shown that in YBa2Cu3O7Hy , superconductivity~SC! is sup-
pressed fory51.3 ~Ref. 1! and the Cu~2! sites become anti
ferromagnetically ordered atTN5420 K, in a way very simi-
lar to that caused by removal of oxygen, e.g., YBa2Cu3O6.
On the other hand, in YBa2Cu4O8Hy , ~124! Tc is unaffected
by hydrogen charging~up toy51.85!, but the shielding frac-
tion is reduced sharply with an increasing iny.2 Hydrogen
induces a magnetic order in this system that leads to a p
separation: superconducting and magnetic. Their rela
amount depends on the hydrogen concentration.

Much attention has been focused on a phase resemb
the SC YBa2Cu3O7 ~YBCO! materials having the compos
tion R1.5Ce0.5MSr2Cu2O10 ~denoted asM -2122,R5Sm, Eu,
or Gd andM5Nb, Ru, or Ta!.5–9 The tetragonal~space
group I4/mmm! M -2122 structure evolves from the YBCO
structure by inserting fluorite typeR1.5Ce0.5O2 layers~instead
of the Y layer in YBCO!, thus shifting alternate perovskit
blocks by (a1b/2). TheM ions reside in the Cu~1! site and
only one distinct Cu site@corresponding to Cu~2!# exists with
fivefold pyramidal coordination. The CuO2 layers are sepa
rated on one side byMO6, which replaces the Cu-O chain
and on the other side byR1.5Ce0.5O2 layers. The hole doping
of the Cu-O planes, with resulting metallic behavior and S
can be achieved with appropriate variation of theR/Ce ratio.
The Nb-2122 are SC withTc;22 K, independent ofR,6–8

and it was recently shown that the Ru-2122 compounds5,10

are also SC withTc up to 42 K. In addition, the latter system
570163-1829/98/57~1!/550~7!/$15.00
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is magnetically ordered, withTN up to 180 K and our Mo¨ss-
bauer spectroscopy studies on57Fe-doped samples indicat
clearly that the weak-ferromagnetic~WFM! state is confined
to the Ru site.

The coexistence or mutual exclusion of SC and lon
range magnetic order is one of the fundamental problem
condensed matter physics and has been studied experi
tally and theoretically for almost four decades. This field w
strongly revived in the early 1980s by the discovery of t
nary intermetallic systems such asRRh4B4, RMo6S8,

11 and
more recently by the discovery ofRNi2B2C,12 where
transition-metal elements responsible for SC and the m
netic rare-earth ions occupy different regular sublattices. T
relatively weak interaction between the transition-metald
electrons and the localizedf shells,resulting from complete
separation in space, permits both phenomena to coexist,
the trend is that forall the intermetallic magnetic supercon
ductors, the magnetic ordering is well below the onset of
(TN,Tc). The coexistence of bulk SC in the WFM state
the ceramic Ru-2122 system indicates that this system
longs to the same class of magnetic superconductors a
the intermetallics. However, in contrast to the intermeta
systems, in the Ru-2122 system, the WFM ordering is w
above the SC state (TN /Tc.4).5

In attempting to understand the mechanism of SC a
WFM in Eu1.4Ce0.6MSr2Cu2O102d ~M5Nb and Ru!, an ap-
proach involving reducing the number of charge carri
by hydrogen charging was employed. Similar to oth
high-temperature superconducting~HTSC! materials, we
show that 0.35 at. % of hydrogen suppresses SC in b
materials. In addition, in the magnetic superconduc
Eu1.4Ce0.6RuSr2Cu2O102d ~EuCeRu! all the magnetic proper-
ties and the irreversible phenomena of the magnetic s
~TN , the coercive fields, the remanent moments, etc.! are
enhanced. The main subject addressed here is that bot
550 © 1998 The American Physical Society
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FIG. 1. Temperature dependence of the magnetic susceptibility measured at 1 kOe for Eu1.4Ce0.6NbSr2Cu2O102d and 0.35 at. % hydrogen
charged in Eu1.4Ce0.6NbSr2Cu2O102d. The isothermal magnetization curves at 5 K for the EuCeNbH and the regenerated samples are sh
in the inset.
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suppression of SC and the enhancement of antiferrom
netism ~AFM! are reversible. We show that by removal
hydrogen, SC is restored in both materials and for EuCe
the magnetic properties of the uncharged sample are re
ered. This is in contrast to the behavior observed in all ot
HTSC materials, in which charging and/or depletion of h
drogen is irreversible and destructive.3

EXPERIMENTAL DETAILS

Ceramic samples with nominal compositio
Eu1.4Ce0.6MSr2Cu2O10 were prepared by a solid state rea
tion technique. Prescribed amounts of Eu2O3, CeO2, SrCO3,
Ru, Nb2O5, and CuO were mixed and pressed into pell
and preheated at 1000 °C for about 1 day in the presenc
flowing oxygen at atmospheric pressure. The products w
cooled, reground, and sintered at 1050 or 1120 °C~for M
5Ru or Nb! for 72 h in a slightly pressurized oxygen~about
1.4 atm! and then furnace cooled to ambient temperatu
Powder x-ray-diffraction~XRD! measurements confirme
the purity of the compounds (;97%) and indicate that al
materials have tetragonal-type structure. Hydrogen abs
tion was accomplished by direct contact with hydrogen
at 100 °C in a fixed volume and the amount of hydrog
absorbed was determined by noting the change in gas p
sure. Samples with one concentration@0.35~2! at. %# were
studied. To remove the hydrogen, a part of each hydro
nated sample was reheated for 10 h at 250 °C under amb
pressure. These materials are denoted as the ‘‘regene
samples.’’

The dc magnetic measurements on solid ceramic pie
~on powdered sample for the regenerated samples! in the
range of 2–300 K were performed in a commercial~Quan-
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tum Design! superconducting quantum interference dev
magnetometer~SQUID!. The magnetization was measure
by two different procedures.~a! The sample was zero field
cooled~ZFC! to 5 K, a field was applied and the magnetiz
tion was measured as a function of temperature.~b! The
sample was field cooled~FC! from above 250 K to 5 K and
the magnetization was measured. The Mossbauer spec
copy studies~MS! of 151Eu were carried out using a conven
tional constant acceleration spectrometer and a 50 m
151SmF3 source, and the isomer shifts~IS! are reported with
respect to this source.

EXPERIMENTAL RESULTS

XRD studies show that Eu1.4Ce0.6MSr2Cu2O102d ~M
5Nb and Ru! has a tetragonal structure with the space gro
I4/mmm. The lattice parameters area53.866(1), 3.846~1!
Å and c528.72(1), 28.50~1! Å, respectively. These lattice
parameters are in excellent agreement with data publishe
Refs. 8–10. In the limit of uncertainty, the hydrogen charg
samples have the same size as the parent compound
performed at 90 and 300 K on151Eu in the two host and
hydrogen loaded materials~not shown! show a single narrow
linewidth in the range of 2.48~1!–2.27~1! mm/s. The fit
yields IS of 0.67~2! mm/s and a quadrupole splitting in th
range of 2.20–2.52 mm/s. The small IS values obtained
dicate that in all samples the Eu ions are trivalent with
nonmagneticJ50 ground state. Roughly speaking, the M
values obtained are not sensitive to theM ions or to whether
the samples are hydrogen loaded. In the subsequent fig
unless otherwise specified, the susceptibility in units of em
mol Oe is defined as the ratio of the magnetizationM to the
applied fieldH (x5M /H).
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A. The effect of hydrogen on the SC Eu1.4Ce0.6NbSr2Cu2O102d

Magnetic susceptibility studies ~Fig. 1! of
Eu1.4Ce0.6NbSr2Cu2O102d ~EuCeNb! measured at 1 kOe
show an onset of SC atTc521(1) K, in good agreemen
with Ref. 7. For the hydrogen charged sample~EuCeNbH!
SC is totally suppressed and the nearly linear isother
positive M (H) curve clearly indicates a normal parama
netic behavior.~Fig. 1 inset!. Note the merging ofx(T)
curves aboveTc .

Previous thermogravimetric analysis indicates7 that the
Nb-2122 system is stable up to 600 °C and no oxygen we
loss is detected. Therefore, it is assumed that in the ‘‘reg
erated’’ EuCeNb sample only the absorbed hydrogen is
pleted, and no oxygen gain is involved. Our magnetic m

FIG. 2. Temperature dependence of the magnetic susceptib
measured at 50 Oe for Eu1.4Ce0.6RuSr2Cu2O102d and 0.35 at. %
hydrogen charged in Eu1.4Ce0.6RuSr2Cu2O102d. Temperature de-
pendence of the resistivity in arbitrary unit for EuCeRu1H is
shown in the inset.
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surements show that for the ‘‘regenerated’’ sample, SC
restored withTc521 K. M (H) measurements at 5 K for this
material~Fig. 1 inset! exhibit the typical hysteresis loop for
SC compound. The diamagnetic signal increases linearly
to 90 Oe, and the estimated shielding fraction deduced fr
this curve is;20%, indicating bulk SC. Therefore, we ma
conclude with high confidence that the suppression of SC
hydrogen loading is reversible, and by removal of hydrog
SC is restored. This is definitely in contrast to the behav
observed in all other HTSC materials, in which charging
hydrogen is irreversible and destructive.3

B. The effect of hydrogen on the SC and magnetic behavior
of Eu1.4Ce0.6RuSr2Cu2O102d

Our main interest here is to compare the magnetic pr
erties of EuCeRu ~Ref. 5! and the hydrogen loade
EuCeRu1H materials. For the sake of clarity, we shall ref
briefly to magnetic studies of EuCeRu where SC occurs
Ce contents of 0.5–0.8, but the highestTc was obtained for
x50.6,10 the concentration that has been studied here.

The magnetization curves in EuCeRu are composed
three contributions:~a! a negative moment belowTc due to a
SC state,~b! a positive moment due to the paramagne
effective moment of Eu and~c!, a contribution from the fer-
romagneticlike behavior of the Ru sublattice. ZFC and
magnetic measurements were performed for a broad rang
field strengths, and typicalx(T) curves measured atH
550 Oe are shown in Fig. 2. The ZFC branch at low te
peratures is negative, andTc532 K, obtained from resistiv-
ity measurements5 can be also observed from this curv
Since SC is confined to the CuO2 planes, all the magnetic
anomalies in Fig. 2 aboveTc are related to the Ru-O plane
The two ZFC and FC curves merge atTirr592 K. Tirr de-
creases with field and aroundH52 kOe the irreversibility is
washed out.5 Note thatTN ~Ru! is not at Tirr . The x(T)

ity
FIG. 3. Hystersis loops at 5 K for EuCeRu and EuCeRu1H. The inset extends theM (H) curve for EuCeRu up to 50 kOe.
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57 553REVERSIBLE EFFECT OF HYDROGEN ON . . .
curves in Fig. 2 do not lend themselves to an easy dete
nation of TN ~Ru!, andTN(Ru)5122 K was obtained from
ac x(T) measurements,5 and directly from the temperatur
dependence of the saturation moment~Fig. 5! discussed
later. No other anomalies were observed at higher temp
tures. The irreversibility atTirr arises as a result of an ant
symmetric exchange coupling of the Dzyaloshinsky-Mor
~DM! type13 between neighboring Ru moments, induced b
local distortion that breaks the tetragonal symmetry of
RuO6 octahedra. Due to this DM interaction, the field caus
the adjacent spins to cant slightly out of their original dire
tion and to align a component of the moments with the
rection of H. Below Tirr the Ru-Ru interactions begin t

FIG. 4. Virgin magnetization curves at 5 K for EuCeRu and
EuCeRu1H. Note the negative values for the SC EuCeRu and
peak at 50 Oe.

FIG. 5. Temperature dependence of the saturated magnetiz
M sat for EuCeRu and EuCeRu1H. For both systemsM sat disap-
pears atTN ~Ru!.
i-

a-

a
e
s
-
-

dominate, leading to reorientation of the Ru moments, a
the peak in the ZFC branch is observed. The exact natur
the local structural distortions causing this reorientation
not presently known. AboveTN ~Ru!, the x(T) curves ad-
here to the Curie-Weiss law.

M (H) measurements at various temperatures for EuC
have been carried out, and at low temperatures, both
WFM and the SC properties are clearly observed in
curves ~Figs. 3 and 4!. At 5 K, ~a! the negative moments
increase linearly up to 30 Oe, typical for SC state belowHC1
and ~b! a hystersis loop is opened below 1.5 kOe. The e
mated shielding fraction deduced from this curve~ignoring
possible contributions from Ru and/or Eu31! is about 30%,
indicating bulk SC. Note that thex(T) curves shown in Fig.
2 were measured inH550 Oe where the highest negativ
signal in Fig. 4 is obtained. AllM (H) curves belowTN
5122 K are strongly dependent on the field up to about 2
kOe, until a common slope is reached.M (H) can be de-
scribed asM (H)5MRu1xH, where xH is the linear the
contribution of Eu31 to M , andMRu which reaches its maxi-
mum ~denoted asM sat! at about 5 kOe, corresponds to th
weak ferromagnetic component of the Ru sublattice. A ty
cal curve for 5 K is exhibited in Fig. 3~inset!, and the value
of M sat50.63(1)mB obtained is much smaller than the full
saturated moment of 2mB expected for low-spin state o
Ru41, i.e., gmBS for g52 andS51. This means that in the
ordered state, a slight canting on adjacent Ru spins occ
M sat decreases with increasing ofT, and becomes zero a
TN~ Ru!5122~1! K ~see Fig. 5!. Two other characteristic pa
rameters of the hystersis loops are shown in Fig. 3; nam
the remanent moment (M rem), and the coercive field (Hc).
Both are also temperature dependent~Fig. 6!. Surprisingly,
Hc disappears atT.Tc , however, this is of little interest in
our present paper and will be discussed elsewhere.14

The physical behavior of the hydrogen charg
EuCeRu1H material is shown in Figs. 2–6.~a! The tempera-
ture dependence of the resistivity~in arbitrary units! shown
in Fig. 2 ~inset!, ~b! the absence of the deflection in the ZF
branch~Fig. 2!, and~c! the positiveM (H) curve obtained at
low fields~Fig. 4! all indicate clearly that in EuCeRu1H, SC
is totally suppressed, and that this material behaves in a
similar to EuCeNbH~Fig. 1!. Moreover, Figs. 2–6 exhibit
the magnetic properties belonging to the Ru sites, which

e

ion

FIG. 6. Temperature dependence of the coercive fields, and r
anent magnetizationM rem ~inset! for EuCeRu and EuCeRu1H.
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FIG. 7. Temperature dependence of the magnetic susceptibility measured at 50 Oe for the regenerated Eu1.4Ce0.6RuSr2Cu2O102d. Virgin
magnetization curves at 5 K typical for a SC state, is shown in the inset.
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all enhanced, as compared to the host EuCeRu. More s
cifically, the x(T) values~at H550 Oe! of the FC branch
~Fig. 2! are much higher, andTirr andTN~Ru! are shifted to
167~2! and 225~2! K, respectively. The typical hysteres
loop at 5 K, opened below 5 kOe is much broader
EuCeRu1H ~Fig. 3! and all the characteristic features su
as M sat, M rem, andHc extracted from the hysteresis loop
measured at various temperatures and shown in Figs.
support this statement. Note the higher values and the
continuity around 40 K inM sat(T) of EuCeRu1H ~Fig. 5!.
The twoM sat(T) curves show a different shape, thus scali
them is impossible.TN~Ru!5225~2! K can be deduced di
rectly from this curve. This indicates clearly that in EuCeR
the effect of hydrogen charging is to suppress SC, and
enhance the magnetic properties of the Ru sublattice.

C. SC and magnetic behavior of the regenerated
Eu1.4Ce0.6RuSr2Cu2O102d

Here again, we heated EuCeRu1H to 250 °C and assum
that only the absorbed hydrogen is depleted. The ZFC
FC magnetic susceptibilities measured at 50 Oe of the re
erated EuCeRu~carried out on powdered sample! are shown
in Fig. 7. Both the negative values in the ZFC branch at l
temperatures, and the increase of the negative moments
the applied field at 5 K~Fig. 7 inset!, indicate clearly that SC
is restored for this sample; thus the suppression of SC
hydrogen is reversible. Note that~i! the ZFC branch become
negative at around 40 K, and~ii ! the peak in theM (H) is
shifted to 200 Oe, which indicates a higherTc value for this
material. Moreover, Fig. 7 shows that the two branch
merge atTirr;90 K ~in contrast to 167 K for EuCeRu1H! in
perfect agreement with theTirr of the parent sample~Fig. 2!.
The small difference in theM /H values ~about 10%! be-
tween Fig. 2 and Fig. 7 is not significant, and probably ari
from the fact that the dc magnetic measurements present
-
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Fig. 2 were performed on solid ceramic piece, whereas
the regenerated material~Fig. 7! a fine powder has bee
used. In addition, there may be a positive contribution to
magnetization, due to the fact that a small remanent fi
exists in the SQUID magnetometer. This artificial contrib
tion will affect mainly the magnetization values measured
low fields. M (H) measurements for the regenerated sam
at various temperatures andH up to 50 kOe have been pe
formed, and some typical curves are shown in Fig. 8. G
erally speaking,TN observed is around 125 K@see the linear
M (H) at 150 K# and in the limit of uncertainty, the tempera
ture dependence ofM sat for EuCeRu~shown in Fig. 5! is
restored. Thus, all the ‘‘enhanced’’ parameters
EuCeRu1H presented in Figs. 2–6 are reduced to the ori
nal values of the parent EuCeRu compound.

The following experimental evidenceexcludesthe possi-
bility that the reversible magnetic behavior~Figs. 7 and 8! is
an effect of change in the oxygen concentration.~1! As

FIG. 8. Isothermal magnetization curves at various temperat
for regenerated EuCeRu. Note the linearM (H) curve at 150 K.
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57 555REVERSIBLE EFFECT OF HYDROGEN ON . . .
stated above, previous thermogravimetric analysis indica7

that theM -2122 system is stable up to 600 °C, and no ox
gen weight loss is detected. Therefore, it is assumed tha
the ‘‘regenerated’’ sample, where the heat treatments w
performed at relative low temperatures~150–250 °C!, only
the absorbed hydrogen is depleted, and no oxygen ga
involved. ~2! Our scanning-tunneling-spectroscopy stud
show that the oxygen content of Ru-2122 samples treate
various temperatures and oxygen pressures remains con
up to 700 °C ~to be published!. ~3! Samples annealed a
150 °C under vacuum for a few hours, exhibit similar ma
netic behavior to the curves shown in Fig. 2 for the par
material.

DISCUSSION

The magnetic behavior of the hydrogen chargedM -2122
~M5Nb and Ru! materials studied here can be compared
other ceramic SC systems such as YBCO and YBa2Cu4O8,
which have been studied extensively. As stated above, s
lar changes in the SC properties of YBCO can be induced
either removing oxygen or adding hydrogen, and the oxy
can be extracted easily. Two different reactions can t
place with hydrogen.~a! At low hydrogen pressure, the ex
traction of oxygen leads to the formation of H2O.3 ~b! At
high hydrogen pressure, a stable hydride is formed. In
case, hydrogen loading is a destructive reaction, and by h
ing the samples, hydrogen can be removed only as H2O, the
crystal structure is destroyed and SC is not restored.3

Hole ~or carrier! density in the CuO2 planes, or deviation
of the formal Cu valence from Cu21, is a primary paramete
that governsTc in most of the HTSC compounds. Chem
cally doped holes, which may be measured as the effec
@CuO#P charge~or the nominal Cu valence 21p!, are ob-
tained by depletion of oxygen in YBCO, or by increasing t
Sr concentration in La22xSrxCuO4. As already shown, SC
emerges only in the narrow window of the carrier concen
tion; e.g., the highestTc achieved for YBCO and
La22xSrxCuO4 is for p;0.2 and 0.15, respectively.15

The influence of hydrogen on EuCeNb and EuCeRu
reversible, which means that hydrogen loading is not
structive as in the YBCO and 124 systems. We assume
hydrogen resides in interstitial sites and changes the
density of the SC CuO planes, either by increasing or
creasing the ideal effective chargep of the sample. Oncep
of the planes changes, SC is suppressed, and EuCeNbH
EuCeRu1H exhibit paramagnetic behavior down to 2 K
Depletion of hydrogen leads to the originalp value and SC is
restored.

The spin canting and the saturated magnetization (M sat)
in relatively low applied field are the striking features
EuCeRu. The isothermal magnetization curves, and the
ys
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teresis loops at various temperatures expected for a W
~Figs. 2 and 3! are quite obvious. The Ru spins~at 50 Oe!
undergo a reorientation atTirr592 K, and at 2 kOe all the
anomalies and the irreversibility in thex(T) curves are
washed out.5 More importantly,M sat50.63mB Ru at 5 K is
much smaller than 1.3mB and 1.4mB obtained for SrRuO3
and Sr3Ru2O7, respectively where simple charge countin
leads to Ru41. Indeed,x(T) studies at elevated temperatur
indicate that Ru41 is in the low-spinS51 state.16 Assuming
similar valence of Ru in EuCeRu means that only a fract
of the Ru moments is aligned by the external field and sa
rates above 2 kOe. Although, EuCeRu exhibits normal pa
magnetic behavior aboveTN , the Ru ion valence cannot ea
ily be determined, due to the following reasons.~1! The
paramagnetic effective moment extracted is composed
two additional contributions: the high susceptibility of Eu31,
and that of Cu21. ~2! Determination of the absolute oxyge
content is difficult, because CeO2 and RuO2 are not com-
pletely reducible7 to stoichiometric oxides on heating to hig
temperatures.

Hydrogenation enhancesTN and all otherweakferromag-
netic characteristic features of the host EuCeRu mate
This effect, which was also observed in several rare-ear
based intermetallic hydrides,17 is undoubtedly an electronic
effect. As described above, in addition to the change in
hole density of the Cu-O planes, there is a transfer of e
trons from H to the Ru 4d subbands, resulting in an increas
in the moment of the Ru sublattice and hence to an incre
in the overall magnetic parameters. An alternative way is
assume that the enhancement ofM sat, M rem, andHc arises
from a change of the antisymmetric exchange coupling of
DM type between the adjacent Ru moments, which cau
the spins to cant out of their original direction with a larg
angle and as a result, a larger component of the Ru mom
forms the WFM state. However, this scenario cannot rec
cile the higherTN observed in EuCeRu1H. The exact nature
of the local structure distortions causing the WFM behav
in both materials, as well as the hydrogen location in
matrix, are not presently known and neutron diffraction stu
ies are now being carried out to address these points.
central assumption is that Ru in EuCeRu orders magnetic
at elevated temperatures, and bulk SC is confined to
Cu-O planes, and both sublattices are practically decoup
Since hydrogen loading affects both phenomena, and
original behavior is restored when hydrogen is depleted,
tend to believe that H atoms occupy interstitial sites close
these planes, presumably inside the Sr-O planes.
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