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Reversible effect of hydrogen on superconductivity and weak ferromagnetism
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We have investigated the superconducting compounds@y M Sr,Cu,0,_s (M=Nb and Ry (T,=22
and 32 K, respective)y as well as these materials charged with hydrogen, by several complementary experi-
mental techniques. EuCe, (RUSLCW,0;4_ s is magnetically ordered &y=122 K, thusTy>T.. Supercon-
ductivity (SC) is confined to the CuQplanes, 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 hydrogef0.35 at. % is to suppress SC in both compounds and to enhance the weak-
ferromagnetic properties of the Ru sublattidg & 225 K). In contrast to other highi; materials, this effect is
reversible: namely, by depletion of hydrogen, SC is restored in both materials aMi=fétu, theT drops
back to 122 K[S0163-18208)03001-X]

INTRODUCTION is magnetically ordered, witfiiy up to 180 K and our Mss-
bauer spectroscopy studies 6fFe-doped samples indicate

The interaction of hydrogen with highs materials has clearly that the weak-ferromagneti¢/FM) state is confined
been studied by many groups in the past and a large amoutd the Ru site.
of data are availabl&:* There is general agreement that hy-  The coexistence or mutual exclusion of SC and long-
drogen reduces the number of charge carriegs-iype high-  range magnetic order is one of the fundamental problems of
T. samples, and that the materials become semiconductingpndensed matter physics and has been studied experimen-
and magnetic at high hydrogen concentrations. We havélly and theoretically for almost four decades. This field was
shown that in YBaCu;O;H, , superconductivitySC) is sup-  strongly revived in the early 1980s by the discovery of ter-
pressed foy=1.3 (Ref. 1) and the C(P) sites become anti- nary intermetallic systems such RRh,B,, RMo¢S,** and
ferromagnetically ordered dt,=420 K, in a way very simi- more recently by the discovery oRNi,B,C,*? where
lar to that caused by removal of oxygen, e.g., ¥Ba&Os. transition-metal elements responsible for SC and the mag-
On the other hand, in YB&u,0OgH, , (124) T, is unaffected netic rare-earth ions occupy different regular sublattices. The
by hydrogen charginfup toy=1.85), but the shielding frac- relatively weak interaction between the transition-metal
tion is reduced sharply with an increasingyirf Hydrogen  electrons and the localizefdshells,resulting from complete
induces a magnetic order in this system that leads to a phaseparation in space, permits both phenomena to coexist, and
separation: superconducting and magnetic. Their relativéhe trend is that foall the intermetallic magnetic supercon-
amount depends on the hydrogen concentration. ductors, the magnetic ordering is well below the onset of SC

Much attention has been focused on a phase resembling y<T.). The coexistence of bulk SC in the WFM state in
the SC YBaCuwO; (YBCO) materials having the composi- the ceramic Ru-2122 system indicates that this system be-
tion Ry Cey sM SLCW,0y (denoted ad-2122,R=Sm, Eu, longs to the same class of magnetic superconductors as do
or Gd andM=Nb, Ru, or Ta®™® The tetragonal(space the intermetallics. However, in contrast to the intermetallic
group l4/mmm M-2122 structure evolves from the YBCO systems, in the Ru-2122 system, the WFM ordering is well
structure by inserting fluorite typR, sCe, sO, layers(instead  above the SC statel(/T.>4).°
of the Y layer in YBCQ, thus shifting alternate perovskite In attempting to understand the mechanism of SC and
blocks by @+b/2). TheM ions reside in the Q) site and WFM in Eu, .Cey M SLCW,0,0_5 (M=Nb and Ry, an ap-
only one distinct Cu sitécorresponding to A2)] exists with  proach involving reducing the number of charge carriers
fivefold pyramidal coordination. The CyQayers are sepa- by hydrogen charging was employed. Similar to other
rated on one side b Og, which replaces the Cu-O chains, high-temperature superconductingdTSC) materials, we
and on the other side by, sCeg, 0, layers. The hole doping show that 0.35 at. % of hydrogen suppresses SC in both
of the Cu-O planes, with resulting metallic behavior and SCmaterials. In addition, in the magnetic superconductor
can be achieved with appropriate variation of Ri€e ratio.  Eu, ,Cey RUSECW,0;4_ s (EuCeRu all the magnetic proper-
The Nb-2122 are SC witf.~22 K, independent oR,®®  ties and the irreversible phenomena of the magnetic state
and it was recently shown that the Ru-2122 compotifls (T, the coercive fields, the remanent moments,) edce
are also SC witlT; up to 42 K. In addition, the latter system enhanced. The main subject addressed here is that both the
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FIG. 1. Temperature dependence of the magnetic susceptibility measured at 1 kOg foeENbSLCW,0,,_sand 0.35 at. % hydrogen
charged in Ey,Cey ]NbSKLCW,0,4_ 5 The isothermal magnetization curvassaK for the EuCeNbH and the regenerated samples are shown
in the inset.

suppression of SC and the enhancement of antiferromadum Design superconducting quantum interference device
netism (AFM) are reversible. We show that by removal of magnetometeSQUID). The magnetization was measured
hydrogen, SC is restored in both materials and for EuCeRby two different procedurega) The sample was zero field
the magnetic properties of the uncharged sample are recoeeoled(ZFC) to 5 K, a field was applied and the magnetiza-
ered. This is in contrast to the behavior observed in all othetion was measured as a function of temperatibg. The
HTSC materials, in which charging and/or depletion of hy-sample was field cooleC) from above 250 Ka 5 K and

drogen is irreversible and destructive. the magnetization was measured. The Mossbauer spectros-
copy studiegMS) of *>¥Eu were carried out using a conven-
EXPERIMENTAL DETAILS tional constant acceleration spectrometer and a 50 mCi

1SISmF, source, and the isomer shiftkS) are reported with

Ceramic  samples  with  nominal  composition respect to this source.
Eu, Ce M SKLCW,0,c were prepared by a solid state reac-
tion technique. Prescribed amounts of,8y CeQ,, SrCQ, EXPERIMENTAL RESULTS
Ru, Nb,Os, and CuO were mixed and pressed into pellets
and preheated at 1000 °C for about 1 day in the presence of XRD studies show that BuCey gMSr,C,0,0-5 (M
flowing oxygen at atmospheric pressure. The products were-Nb and Ru has a tetragonal structure with the space group
cooled, reground, and sintered at 1050 or 112Qf& M I4/mmm The lattice parameters aee=3.8661), 3.8461)
=Ru or Nb for 72 h in a slightly pressurized oxygéabout A and c=28.721), 28.501) A, respectively. These lattice
1.4 atm and then furnace cooled to ambient temperatureparameters are in excellent agreement with data published in
Powder x-ray-diffraction(XRD) measurements confirmed Refs. 8—10. In the limit of uncertainty, the hydrogen charged
the purity of the compounds~97%) and indicate that all samples have the same size as the parent compound. MS
materials have tetragonal-type structure. Hydrogen absorgperformed at 90 and 300 K ofP'Eu in the two host and
tion was accomplished by direct contact with hydrogen gadydrogen loaded materialeot shown show a single narrow
at 100 °C in a fixed volume and the amount of hydrogenlinewidth in the range of 2.48)-2.241) mm/s. The fit
absorbed was determined by noting the change in gas pregields IS of 0.672) mm/s and a quadrupole splitting in the
sure. Samples with one concentratih352) at. %] were range of 2.20—2.52 mm/s. The small IS values obtained in-
studied. To remove the hydrogen, a part of each hydrogedicate that in all samples the Eu ions are trivalent with a
nated sample was reheated for 10 h at 250 °C under ambienbnmagneticJ=0 ground state. Roughly speaking, the MS
pressure. These materials are denoted as the “regeneratedlues obtained are not sensitive to tieions or to whether
samples.” the samples are hydrogen loaded. In the subsequent figures,

The dc magnetic measurements on solid ceramic piecasnless otherwise specified, the susceptibility in units of emu/
(on powdered sample for the regenerated sampteshe = mol Oe is defined as the ratio of the magnetizafibrio the
range of 2—300 K were performed in a commerdi@uan-  applied fieldH (y=M/H).
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surements show that for the “regenerated” sample, SC is
restored withT ;=21 K. M(H) measurements & K for this
material(Fig. 1 inse} exhibit the typical hysteresis loop for a
SC compound. The diamagnetic signal increases linearly up
to 90 Oe, and the estimated shielding fraction deduced from
this curve is~20%, indicating bulk SC. Therefore, we may
conclude with high confidence that the suppression of SC by
hydrogen loading is reversible, and by removal of hydrogen
SC is restored. This is definitely in contrast to the behavior
observed in all other HTSC materials, in which charging of
hydrogen is irreversible and destructie.

B. The effect of hydrogen on the SC and magnetic behavior
of Euy 4Cey dRUSI,CU,010_5

Our main interest here is to compare the magnetic prop-

FIG. 2. Temperature dependence of the magnetic susceptibilitérties of EuCeRu(Ref. 5 and the hydrogen loaded
measured at 50 Oe for ExCe RUSKLCW,0,5 s and 0.35 at. %
hydrogen charged in EuCe, (RuS,Cuw,0,¢_s Temperature de-

pendence of the resistivity in arbitrary unit for EuCeRd is

shown in the inset.

A. The effect of hydrogen on the SC Eu ,Cey NbSr,Cu,04_ 5

Magnetic

susceptibility

st

udies (Fig.

D

of

Eu, .Ce NbSECWO,o_ 5 (EuCeNh measured at 1 kOe
show an onset of SC a.=21(1) K, in good agreement

with Ref. 7. For the hydrogen charged samfi®iCeNbH

EuCeRu+-H materials. For the sake of clarity, we shall refer
briefly to magnetic studies of EuCeRu where SC occurs for
Ce contents of 0.5-0.8, but the high@stwas obtained for
x=0.61° the concentration that has been studied here.

The magnetization curves in EuCeRu are composed of
three contributions(a) a negative moment beloilv, due to a
SC state,(b) a positive moment due to the paramagnetic
effective moment of Eu antt), a contribution from the fer-
romagneticlike behavior of the Ru sublattice. ZFC and FC
magnetic measurements were performed for a broad range of

SC is totally suppressed and the nearly linear isothermdield strengths, and typicak(T) curves measured at
positive M(H) curve clearly indicates a normal paramag- =50 Oe are shown in Fig. 2. The ZFC branch at low tem-
netic behavior.(Fig. 1 insel. Note the merging ofy(T)

curves abovd ;.

Previous thermogravimetric analysis indicdtekat the
Nb-2122 system is stable up to 600 °C and no oxygen weighinomalies in Fig. 2 abovE, are related to the Ru-O planes.
loss is detected. Therefore, it is assumed that in the “regenfhe two ZFC and FC curves merge B}, =92 K. T, de-
erated” EuCeNb sample only the absorbed hydrogen is decreases with field and arourtl=2 kOe the irreversibility is
pleted, and no oxygen gain is involved. Our magnetic meawashed out. Note thatTy (Ru) is not atTy,. The x(T)

peratures is negative, afig=32 K, obtained from resistiv-
ity measurementscan be also observed from this curve.
Since SC is confined to the Cy@lanes, all the magnetic
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FIG. 3. Hystersis loopsté K for EuCeRu and EuCeRtH. The inset extends thil (H) curve for EuCeRu up to 50 kOe.
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FIG. 6. Temperature dependence of the coercive fields, and rem-
anent magnetizatioM ., (insey for EuCeRu and EuCeRtH.

dominate, leading to reorientation of the Ru moments, and
the peak in the ZFC branch is observed. The exact nature of
the local structural distortions causing this reorientation is
not presently known. Abové&y (Ru), the x(T) curves ad-
here to the Curie-Weiss law.

M(H) measurements at various temperatures for EuCeRu
have been carried out, and at low temperatures, both the
WFM and the SC properties are clearly observed in the

EuCeRu-H. Note the negative values for the SC EuCeRu and thecurves (Figs. 3 and 4 At 5 K, (a) the negative moments

peak at 50 Oe.

increase linearly up to 30 Oe, typical for SC state belbwy
and(b) a hystersis loop is opened below 1.5 kOe. The esti-

curves in Fig. 2 do not lend themselves to an easy determinated shielding fraction deduced from this cufignoring
nation of Ty (Ru), and Ty(Ru)=122 K was obtained from possible contributions from Ru and/or U is about 30%,
ac x(T) measurementsand directly from the temperature indicating bulk SC. Note that the(T) curves shown in Fig.
dependence of the saturation moméhtg. 5 discussed 2 were measured =50 Oe where the highest negative
later. No other anomalies were observed at higher temperaignal in Fig. 4 is obtained. AIM(H) curves belowTy
tures. The irreversibility af;, arises as a result of an anti- =122 K are strongly dependent on the field up to about 2—3
symmetric exchange coupling of the Dzyaloshinsky-MoriyakOe, until a common slope is reached(H) can be de-
(DM) type*® between neighboring Ru moments, induced by ascribed asM (H)=Mg,+ xH, where yH is the linear the
local distortion that breaks the tetragonal symmetry of thecontribution of EG* to M, andM g, which reaches its maxi-
RuG; octahedra. Due to this DM interaction, the field causesnym (denoted asv <) at about 5 kOe, corresponds to the
the adjacent spins to cant slightly out of their original direc-yeak ferromagnetic component of the Ru sublattice. A typi-
tion and to align a component of the moments with the di-ca| curve fo 5 K is exhibited in Fig. 3(inseb, and the value
rection of H. Below T, the Ru-Ru interactions begin t0 of M_,=0.63(1)up obtained is much smaller than the fully
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saturated moment of ;2 expected for low-spin state of
RU*", i.e.,gugS for g=2 andS=1. This means that in the
ordered state, a slight canting on adjacent Ru spins occurs.
Mg, decreases with increasing @f, and becomes zero at
Tn(RW=1221) K (see Fig. 5. Two other characteristic pa-
rameters of the hystersis loops are shown in Fig. 3; namely,
the remanent moment,.), and the coercive fieldH,).

Both are also temperature dependéfig. 6). Surprisingly,

H. disappears ai>T., however, this is of little interest in
our present paper and will be discussed elsewlere.

The physical behavior of the hydrogen charged
EuCeRu+-H material is shown in Figs. 2—6a) The tempera-
ture dependence of the resistivifiyn arbitrary unitg shown
in Fig. 2 (insed, (b) the absence of the deflection in the ZFC
branch(Fig. 2), and(c) the positiveM (H) curve obtained at
low fields (Fig. 4) all indicate clearly that in EuCeRwH, SC

FIG. 5. Temperature dependence of the saturated magnetizatids totally suppressed, and that this material behaves in a way

Mgq for EuCeRu and EuCeRitH. For both system$/,, disap-

pears afTy (Ru).

similar to EuCeNbH(Fig. 1). Moreover, Figs. 2—6 exhibit
the magnetic properties belonging to the Ru sites, which are
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FIG. 7. Temperature dependence of the magnetic susceptibility measured at 50 Oe for the regengi@sdREISLC U0, Virgin
magnetization curvest® K typical for a SC state, is shown in the inset.

all enhancedas compared to the host EuCeRu. More spefig. 2 were performed on solid ceramic piece, whereas for
cifically, the x(T) values(at H=50 O¢ of the FC branch the regenerated materigFig. 7) a fine powder has been
(Fig. 2 are much higher, andi;, and Ty (Ru) are shifted to  used. In addition, there may be a positive contribution to the
167(2) and 22%2) K, respectively. The typical hysteresis magnetization, due to the fact that a small remanent field
loop at 5 K, opened below 5 kOe is much broader forexists in the SQUID magnetometer. This artificial contribu-
EuCeRur-H (Fig. 3) and all the characteristic features suchtion will affect mainly the magnetization values measured at
asMg,, Mem, andH, extracted from the hysteresis loops low fields. M(H) measurements for the regenerated sample
measured at various temperatures and shown in Figs. 4-& various temperatures ahtiup to 50 kOe have been per-
support this statement. Note the higher values and the didermed, and some typical curves are shown in Fig. 8. Gen-
continuity around 40 K ifM (T) of EuCeRurH (Fig. 5.  erally speakingT\ observed is around 125 [see the linear
The twoM,(T) curves show a different shape, thus scalingM (H) at 150 K] and in the limit of uncertainty, the tempera-
them is impossibleTy\(Ru)=2252) K can be deduced di- ture dependence d¥lg, for EuCeRu(shown in Fig. 5 is
rectly from this curve. This indicates clearly that in EuCeRurestored. Thus, all the “enhanced” parameters of
the effect of hydrogen charging is to suppress SC, and t&uCeRu+H presented in Figs. 2—6 are reduced to the origi-
enhance the magnetic properties of the Ru sublattice. nal values of the parent EuCeRu compound.

The following experimental evidena@xcludeshe possi-
bility that the reversible magnetic behavigiigs. 7 and Bis

C. SC and magnetic behavior of the regenerated - -
9 g an effect of change in the oxygen concentrati¢h. As

Eu;..Cey eRUSICU,010-5

Here again, we heated EuCeRH to 250 °C and assume 0.8 ' ' ' T
that only the absorbed hydrogen is depleted. The ZFC and _ EuCeRu
FC magnetic susceptibilities measured at 50 Oe of the regen- § regenerated » 20K
erated EuCeR{(carried out on powdered samplere shown T 06+ . : 57%';*
in Fig. 7. Both the negative values in the ZFC branch at low g a D e |
temperatures, and the increase of the negative moments with = e L, 2
the applied field at 5 KFig. 7 inse}, indicate clearly that SC Qoaq o L ° 8
is restored for this sample; thus the suppression of SC by = ¥ A |
hydrogen is reversible. Note th@j the ZFC branch becomes 2 & +120K
negative at around 40 K, and) the peak in theM (H) is 2 o2 150 K]
shifted to 200 Oe, which indicates a higher value for this ]
material. Moreover, Fig. 7 shows that the two branches . ? : ot 7

0

merge afT;,~90 K (in contrast to 167 K for EuCeRuH) in
perfect agreement with thE,, of the parent samplé-ig. 2).
The small difference in théi/H values (about 10% be-
tween Fig. 2 and Fig. 7 is not significant, and probably arises FIG. 8. Isothermal magnetization curves at various temperatures
from the fact that the dc magnetic measurements presented for regenerated EuCeRu. Note the lind&¢H) curve at 150 K.

10600 l 20600
Field (Oe)
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stated above, previous thermogravimetric analysis indi€ateseresis loops at various temperatures expected for a WFM
that theM-2122 system is stable up to 600 °C, and no oxy-(Figs. 2 and 3 are quite obvious. The Ru spirtat 50 O¢
gen weight loss is detected. Therefore, it is assumed that inndergo a reorientation at,=92 K, and at 2 kOe all the
the “regenerated” sample, where the heat treatments weranomalies and the irreversibility in thg(T) curves are
performed at relative low temperaturés50—-250 °GQ, only ~ washed out. More importantly,M ¢,=0.63ug Ru at 5 K is
the absorbed hydrogen is depleted, and no oxygen gain isuch smaller than 13z and 1.4z obtained for SrRu@
involved. (2) Our scanning-tunneling-spectroscopy studiesand SgRW,0;, respectively where simple charge counting
show that the oxygen content of Ru-2122 samples treated #ads to RA". Indeed,x(T) studies at elevated temperatures
various temperatures and oxygen pressures remains constamdiicate that R{i" is in the low-spinS=1 state'® Assuming
up to 700 °C(to be publishel (3) Samples annealed at similar valence of Ru in EuCeRu means that only a fraction
150 °C under vacuum for a few hours, exhibit similar mag-of the Ru moments is aligned by the external field and satu-
netic behavior to the curves shown in Fig. 2 for the parentates above 2 kOe. Although, EuCeRu exhibits normal para-
material. magnetic behavior abovE,, the Ru ion valence cannot eas-
ily be determined, due to the following reasori$) The
DISCUSSION paramagnetic effective moment extracted is composed of
two additional contributions: the high susceptibility of ¥y

The magnetic behavior of the hydrogen char§e€122 o4 yhat of C&*. (2) Determination of the absolute oxygen

(M=Nb and_ Ru materials studied here can be compared % ontent is difficult, because Ce@nd RuQ are not com-
other ceramic SC systems such as YBCO and ;{BgOg,

) h . _ pletely reducibléto stoichiometric oxides on heating to high
which have been studied extensively. As stated above, sim 'empgratures. g g

Iqr changes i.n the SC propertigs of YBCO can be induced by Hydrogenation enhancds, and all otheweakferromag-
either removing oxygen or adding hydrogen, and the OXYQ€Metic characteristic features of the host EuCeRu material.

can be _extracted easily. Two different reactions can takgy;g effect, which was also observed in several rare-earth—
place with hydrogen(a) At low hydrogen pressure, the ex- paseq intermetallic hydridéd,is undoubtedly an electronic
traction of oxygen leads to the formation ob®” (b) At effect. As described above, in addition to the change in the

high hydrogen pressure, a stable hydride is formed. In any,,je density of the Cu-O planes, there is a transfer of elec-
case, hydrogen loading is a destructive reaction, and by hea;

ia th les. h I ‘ons from H to the Ru d subbands, resulting in an increase
ing the samples, hydrogen can be removed only #,khe i, the moment of the Ru sublattice and hence to an increase
crystal structure is destroyed and SC is not restdred.

; L7 e in the overall magnetic parameters. An alternative way is to
Hole (or carriey density in the Cu@planes, or deviation

Gtl | k assume that the enhancementvf,;, M,.,, andH, arises
of the formal Cu valence from CU, is a primary parameter ., 4 change of the antisymmetric exchange coupling of the
that governsT; in most of the HTSC compounds. Chemi-

: - DM type between the adjacent Ru moments, which causes
cally doped holes, which may be measured as the effectivg,e gpins to cant out of their original direction with a larger

[C_UO]P charge(or the nominal Cu valence 2p), are ob-  gngle and as a result, a larger component of the Ru moments
tained by depletion of oxygen in YBCO, or by increasing thefoms the WFM state. However, this scenario cannot recon-
Sr concentration in La,SKCUQ,. As already shown, SC e the higherT, observed in EuCeRtH. The exact nature
emerges only in the narrow window of the carrier concentray the |ocal structure distortions causing the WFM behavior
tion; e.g. the highestT, achieved for YBCO and i, poth materials, as well as the hydrogen location in the
L&, xSKCuQ; is for p~0.2 and 0.15, respectivey. _matrix, are not presently known and neutron diffraction stud-
The influence of hydrogen on EuCeNb and EuCeRU ies are now being carried out to address these points. Our
reversible, which means that hydrogen loading is not degentral assumption is that Ru in EuCeRu orders magnetically
structive as in the YBCO and 124 systems. We assume thak elevated temperatures, and bulk SC is confined to the
hydrogen resides in interstitial sites and changes the holg,.o planes, and both sublattices are practically decoupled.
density of the SC CuO planes, either by increasing or degince hydrogen loading affects both phenomena, and the
creasing the ideal effective chargeof the sample. Once  yyiginal behavior is restored when hydrogen is depleted, we

of the planes changes, SC is suppressed, and EuCeNbH apghd to believe that H atoms occupy interstitial sites close to
EuCeRur-H exhibit paramagnetic behavior down to 2 K. {hese planes, presumably inside the Sr-O planes.

Depletion of hydrogen leads to the origipavalue and SC is
restored.

The spin canting and the saturated magnetizatidn,j
in relatively low applied field are the striking features of  The research was supported by the Klachky Foundation
EuCeRu. The isothermal magnetization curves, and the hyder Superconductivity.
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