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Hydrogen-induced changes in magnetic susceptibility ofZr ggFes,) 1 Hy metallic glasses

|. Kokanovicand B. Leontic
Department of Physics, Faculty of Science, University of Zagreb, Zagreb, Croatia

J. Lukatela
Institute of Physics, P.O. Box 304, Zagreb, Croatia
(Received 8 March 1999

The magnetization of hydrogen-doped {gfe;,) 1 H, metallic glasses has been measured in the tempera-
ture range 1.7—-100 K for various dopant concentrations. For hydrogen concentratiOrk the samples are
paramagnetic with magnetic susceptibilities that are only weakly temperature dependent down to about 35 K,
below which a slight increase can be observed. For larger hydrogen concentrations the magnetic susceptibilities
become strongly temperature dependamid show Curie-Weiss behavijolt is found thaty(100 K) increases
upon hydrogenation. This is explained by an increase in the contribution of the-Ele8tronic states to the
density of states at the Fermi level, due to Zr-H bond formation, which leads to an enhancement of spin
fluctuations and the formation of magnetic moments on the Fe-atom site at hydrogen concenttatichs
The form and magnitude of the observed temperature dependence of the magnetic susceptibility are well
accounted for by the sum of the Curie-Weiss term and quantum corrections to the susceptibility.
[S0163-182699)06333-X

[. INTRODUCTION In this paper we present the results and a detailed quanti-
tative analysis for magnetic susceptibilities of the

Zr-Fe amorphous alloys can be formed over a wide com{ZrggFes)) 14 Hy, metallic glasses. We compare these with
position range and thus provide a means for the study of theimur magnetic susceptibility results for Niss) 1 Hy (Ref.
properties as a function of compositions. The alloys exhibits) and (Zg;Cos3);_H, (Ref. 6, which also show a strong
superconductivity in Zr-rich compositioidyut form various  influence of the hydrogen dopant on the magnetic properties
magnetic phases in some Fe-rich compositfoiifie inter- and electronic structure in ZiB (3d Ni, Co) metallic
play between the superconductivity and magnetism has beeajlasses. For instance, the room-temperature magnetic sus-
clearly demonstratedRefs. 1 and 2 the superconducting ceptibilities of hydrogen-doped Zr-Ni and Zr-Gand, hence,
transition temperature being reduced by the presence of spthe density of states &) decrease with increasing hydro-
fluctuations. In ZgFe, _, superconductivity is destroyed for gen concentration.
concentrationx<<0.71. ZggFe;, metallic glass is a good ma-
trix for examining spin fluctuations and the formation of
magnetic moments in a highly disordered system, since the
level of spin fluctuations and the formation of magnetic mo-  Ribbons of ZggFe;, metallic glass were prepared by rapid
ments can be varied by hydrogen doping in varying concensolidification of the melt on a single-roll spinning copper
trations. The system is characterized by a high roomwheel in an argon atmosphere. The samples cut from the
temperature resistivity pf~=173plcm) and is not a ribbons were 5—-8 mm long, 1.7—-2.2 mm wide, and 25-30
superconductor, although it has a higher density of states atm thick. The hydrogenation was carried out electrolyti-
the Fermi level compared with othergBds, (Cu, Ni, Co, cally. The hydrogen concentrations were determined volu-
metallic glasses. metrically using a McLeod manometer.

Our previous resulfsshow that in the ZgFe;, metallic The structures of the as-quenched and hydrogenated
glass hydrogen doping produces a positive anomaly in theamples were examined by x-ray diffractiOiRD) using
temperature dependence of the electrical resistivity with &uK« radiation to verify that they were amorphous.
maximum around 25 K. Above that temperature, the curve The magnetic susceptibility was measured in the tempera-
resumes a monotonic decrease with temperature and the tetore range 1.7-100 K using Quantum Design’s Magnetic
perature coefficient of the resistivity is enhanced by the hyProperty Measurement System which uses a superconducting
drogen dopant. The magnetoresistivity redutié ZrsgFe;,  quantum interference devid&QUID) amplifier as a sensi-
metallic glass doped with hydrogen show positive anomalousive magnetic field detector. It is capable of resolving varia-
values which increase with the hydrogen concentration. Théions in magnetic moments as small as ¥ 71,
magnetoresistivity enhancement and the positive anomaly in
the temperature dependence of the electrical resistivity to-
gether with its maximum in (ZgFes,),_xHy Systems have

Il. EXPERIMENTAL METHODS

Ill. RESULTS AND DISCUSSION

been attributed to the increase of the Stoner factot)(1+ The change in the electrical resistivities of
and of the spin-scattering rdtér; * due to the enhancement (ZrggFes,);_cHy samples relative to the resistivity of the un-
of the spin fluctuations with hydrogen. doped alloy at 273 KAp/p(273 K), vs the hydrogen concen-
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FIG. 3. Measured magnetizations @fggF65,)0.6dHo 40 Metallic

I tic field at diff tt tyres 1.8 K (), 5K
(ZrggFesn) 1 xHy relative to the resistivity of the undoped sample at ?.zzssl\ésKn"(nig; ez:)c Kle( A)a 40| ; EeAr; g(r)n l;()e(:a) liéo K (V) (an) d 100
273 K, Aplp(273 K), vs the hydrogen concentrations (;)] ' ' ' ' '

n(H)/n(ZrggFesy).

FIG. 1. Change in the electrical resistivity of hydrogen-doped

zation vs magnetic field was obtained for all measured
samples of (ZgFes) - xHy metallic glassegx=0, 0.05,
0.07, 0.10, 0.18, 0.32, 0.40The values of the magnetic
Susceptibilities were determined from the linear part of the
measured magnetization in the magnetic fields upto 2 T. The
magnetic susceptibilities of (&Fe;,) ;- Hy metallic glasses

vs temperature below 100 K are shown in Fig. 4. The solid
lines are the best fits of the experimental data to(Bg.The
systems are paramagnetic, with magnetic susceptibilities that
are only weakly temperature dependent down to about 35 K
7 ; ) X ] for hydrogen concentration<<0.1, below which a small in-
position Of. the flrs_t maximum is shifted to S”_‘a”er values 0fcrease is observed, whereas for larger hydrogen concentra-
2a with increasing hydrogen concentration. Thus theyong the magnetic susceptibilities are strongly temperature
nearest-neighbor _distance increases from=(0.245  yopendent. The values of the magnetic susceptibility at 100
+0.001) nm in ZggFe;, to r=(0.257-0.001)nm in i jncrease with hydrogen concentrations. At 100 Kot
(ZregFess)o sdHo.a0 These values correspond to the Zr—Fe:(323i1)><1075J-|k2m0|71 for ZregFes, whereas for

nearest-neighbor distanée. (ZresF _ -5 2 a1

— 68F€32)0.60H0.40 Xexpr=(824+1)x107>J T “mol
The measured magnetizations(@fsgesz)o.edo.40 metal- (where “mol” refers to 1 ?ﬁ(’gl of metallic atoms, 68% Zr and
lic glass vs magnetic field at different temperatui@ 359, Fo (Table .

=18, 5, 10, 20, 40, 60, 80, and 10Q re shown in Fig. 3. The experimental magnetic susceptibility is given as
The magnetization is linear with magnetic field @p3 T for

temperature§ >10K. The linear behavior of the magneti-

trations n(H)/n(ZrggFe;,), determined volumetrically, are
shown in Fig. 1. The relationship between thg/p(273 K)
and the hydrogen concentration in the sample is linear fo
n(H)/n(ZrggFesr) <0.13 and then saturates at
Aplp(ZreggFes)~0.35 for 0.28<n(H)/n(ZrggFess) <0.48.
For larger hydrogen content th&p/p(ZrggFe;,) increases
again.

The intensity of first broad diffraction halo in XRD spec-
tra of (ZrgFes,) 1 yHy metallic glassegx=0, 0.18, 0.32,
0.40 vs the scattering anglea2is shown in Fig. 2. The
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FIG. 2. First broad diffraction halo in XRD spectra of
(ZrggFesn) 1 - xHy metallic glassegx=0 (), 0.18 (O), 0.32(A),
and 0.40( < )] vs the scattering anglea2

FIG. 4. Magnetic susceptibilities of (&Fe;,),_Hyx metallic
glasses vs temperature below 100x4=0 (A), 0.05(0), 0.07(0J),
0.1(+), 0.18(®), 0.32(V), and 0.40(<)].
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TABLE I. Magnetic susceptibility data for (ZgFe;,) 1 Hx metallic glasses. The experimental magnetic
susceptibility xexp, the Curie-Weiss susceptibilitycyy, the Pauli spin susceptibilit)(g:,ué Ng(EF), the
enhanced Pauli spin susceptibiligf, (where “mol” refers to 1 mol of metallic atoms, 68% Zr and 32%) Fe
the Stoner factor (13 1, and the electronic density of states at the Fermi I&E).

Sample

(ZregFess) 1 xHx Xexpt Xcw Xo Xe No(Er)

X +1x10°% +05x10°%° *05x10° +05x10° (1-1)* +0.05

+0.01 @T2%mol™) AT 2%mol™ (AT ?2%mol™) T 2mol™) =0.05 (states/eV al.
0 323x10°° 40.5<10°° 53.1x10°° 181.6x10°° 3.4 1.6
0.05 335¢10°° 45.0<10°° 51.4x10°° 192.6x10°° 3.74 1.55
0.07 3341075 50.4x10°° 51.1x10°% 186.6x10°° 3.65 1.54
0.10 329« 10°° 54.1x10°° 50.1x10°° 182.6x10°° 3.64 1.51
0.18 44910 ° 152x10°° 46.8<10°° 191.6x10°° 4.09 1.41
0.32 606< 10 ° 323x10°%  42.5x10°° 171.6x10°° 4.03 1.28
0.40 824x10°° 548<10°° 39.8<10°° 157.6<10°° 3.95 1.2

whereyio, is the ionic-core diamagnetisny,,, is the orbital moments, the enhancement of spin fluctuations, the elec-
paramagnetism with the Landau contribution included, andronic density of states at the Fermi level, and/or its possible
Xcw IS the Curie-Weiss susceptibilityycw=C1/(T+0). effect on the orbital moments. The conditions for forming a

The Pauli paramagnetism efelectrons is localized moment are that the intra-atomic Coulomb energy
s o2us is greater than the width of thed3subband and that the
xp=meNo(Er), (2 position of the centroid of thed3element must be less than

H 9
where ug is the Bohr magneton anN3(Eg) is the bare @ bandwidth away fr(?”EF-
density of states of electrons at the Fermi level. The Pauli  The UPS data) soft-x-ray spectroscopy (SXES
paramagnetism of thd band,X‘F‘,, which is enhanced over measurements, and band-structure calculatidis have

the free-electron value due to the Stoner exchange interaghown that the density of states at the Fermi level of the

tion, is given by early-late transition-metal glasses is dominated by the early
transition elementZr in our cas¢ The valence-band spectra
d_ M%Ng(EF) of Zr3d metallic glasses are characterized by a varying
XP_—d_l—leffNo(EF) ' 3 d-band splitting and the shift of the states of the 8 metal

to higher binding energies on alloying. Replacing Cu by Ni,
wherel o is the effective exchange integral within ttidand  Co, and Fe, i.e., going to the left in the first series of transi-
and Ng(EF) is the bare density of states @felectrons at the tion metals, the separation of the two band peaks decreases
Fermi level. and the contribution from thed@3metal increases.

Since the dominant contribution to the electronic density = Since the dopant atoms migrate mainly to the Zr-rich sites
of states at the Fermi level in the transition metals comesvhere theirs electrons hybridize with the Zt band, they are
from the d electrons,x is an order of magnitude smaller expected to influence significantly the electronic density of
than the values oj(g_ The core susceptibilities of the two states and hence the Pauli susceptibility. On the other hand,
elements are smaliyj,,=—20xX10 °JT 2mol! for Zr we have assumed that the hydrogen-electron hybridization
and xion=—29x 10 °J T 2mol ! for Fe), and we estimate With the Zrd band does not influence greatly the orbital para-
Xion=—23X10"°J T ?mol ! of the (ZrgFey,);_4Hy. The  magnetism. The value of the Stoner factor(ll) "1=3.4 for
orbital magnetic moments of the electrons are not completeljhe undoped ZgFe;, sample is taken from our magnetore-
quenched for partly filled degenerate bands, and their contrisistivity results(Table 1 and Eq. 1 in Ref.)4We have cal-
bution to the paramagnetic susceptibility is estimated frontulatedNy(Eg) for the doped samples from E¢3) with
the  value®  y,u(ZN~150x105JT 2mol™Y  and  Xion: Xom, @nd the Stoner factor as described above. The
Xorb(FO=73x10"°J T 2mol~L. Thus the value of the or- obtained values of the electronic density of states at the
bital susceptibility for the ZgFe;, system is estimated to be Fermi level(Table )) decreases as the hydrogen concentra-
Yorb(ZledFe3) =125.4¢10 53 T 2mol™L. The Curie-Weiss tion increases: No(Ef) = (1.6+0.05) stateseV'at.” " for
susceptibility yew=C1/(T+®) was calculated using the ZresFe; and No(Ep)=(1.2+0.05) stateseV'at. > for
parameters of the fi€; and® given in Table Il. Subtraction (ZrsgF€32)0.6dHg.40 At the same time the values of the Stoner
of Xion: Xorb» @nd xcw from xexpt gives the Pauli spin sus- factor (1—1) ! increase with increasing hydrogen concen-
ceptibility yp=(181.6£0.5)x10 °JT 2mol™! for the trations(Table ) due to the enhancement of spin fluctua-
ZrggFes, and yp=(157.6-0.5)x10 °JT 2mol ! for the tions. As a result of these two opposing contributions, the
(ZregFesn)o.6H0.40 Pauli susceptibilityx®, remains nearly constar(frable ).

A summary of measured and calculated values is given iThis is different from the (Z#Nisg);_4Hyx (Ref. 5 and
Table I. The enhancement of the,y{100 K) magnetic sus- (ZrgC033)1-Hy (Ref. 6 where hydrogen reduces the,
ceptibility upon hydrogenation can be explained as due to théhrough a decrease of boMy(Eg) and (1-1) . The cor-
influence of hydrogen on the formation of localized magneticrections to the magnetic susceptibility in a nonsuperconduct-



PRB 60 HYDROGEN-INDUCED CHANGES IN MAGNETC . .. 7443

TABLE II. A, B, C;, and® are the coefficients of the fit of the experimental data to the(Bgandr is
the nearest-neighbor distance.

Sample A B Ci (C) r
(ZregFesn) 1 - xHx +0.5 +3 +1 +1 +0.001
x+0.01 (107537 2mol™ K™ (10°%3T2mol™) (10337 2mol™*K) (K) (nm)
0 3 314 45 11 0.245
0.05 5 345 50 11 0.245
0.07 6 349 54 11 0.245
0.10 7 355 60 11 0.249
0.18 9 384 170 12 0.251
0.32 13 404 365 13 0.255
0.40 17 430 680 16.5 0.257

ing disordered system that are weakly temperature dependetaillic glasses for hydrogen concentrations>0.1 and
arise from the spin splitting. It has been shdWthat the temperatureS <10K are evidence for the existence of lo-
interplay of the disorder and the electron-electron interaccalized magnetic moments on the Fe atoms. One important
tions results in the spin-diffusion constant being suppressedactor to consider in deciding whether a given Fe atom will
which in turn leads to an enhancement of the spin susceptiorm a magnetic moment in metallic glasses is the variety of
bility at low temperatures. local atomic environments available for the Fe atom to oc-
The quantum CO”(?C_“O” to the spin susceptibility in thecypy. Even if the average local atomic environment is unfa-
d?ffusion4channelAXs in a three-dimensional system is yoraple for moment formation, it may still be possible for
given as some Fe atomic sites to satisfy the necessary requirements;
) hence, the disordered atomic structure of metallic glasses
{(1/2)(gpe)"VksT (4) enhances the tendency of localized magnetic moment forma-
16v2\(wDh)3 ' tion and spin fluctuations. When Zr is alloyed with Fe to
h = . . form ZrggFe;, metallic glass, the outer electrons of the Zr
wherer ™ ~ls a <_j|menS|.(1r1Iess constant for_the_eIectron—hoIeatomS will hybridize with the @ electrons of the Fe atoms.
interaction withj=1 (A\!*<0 for a repulsive interaction

. 5 . - . _
andD is the diffusion constant. This correction is enhanceda‘S shown by Friedel? such hybridization leads to a reduc

Axd(T)=rI=1

for transition metals by the Stoner factor. t|?n of the |ngz?1-atom|c Coulgmb'lntehrhaggog belt'\{\t/.een _tl_hf 3
We have fitted the temperature-dependent magnetic su§'€crons and hence io a reduction i@-Band splitting. The
ceptibility to the relation best fit yieldsC;=(45+=1)x 10 >JT “mol ~K for the un-

doped sample, whereas fdZrggFess)osdose C1=(680
C, +1)x 10" 33T 2mol K. The increase o€, upon hydro-
X= (T+@)_Aﬁ+31 (3 genation(Table 1)) has been interpreted in terms of an in-
crease in the 8-band splitting due to a reduction of contact
where the first term on the right-hand side is the Curie-Weisgetween the Fe atoms and the neighboring Zr atoms by hy-
susceptibility and the second term is a correction due to thqrogen absorptiodZr-Fe distancer increases(Table 1)].
spin-splitting effect in the diffusion channel. The solid lines These considerations are consistent with structural anafyses
in Fig. 4 represent the fit of the experimental data to the Eqwhich reveal that hydrogen atoms preferentially occupy tet-
5). rahedral spaces, inherent in a metallic glass structure, sur-
The values of the parameters of the A, B, C;, and®,  rounded by four Zr atoms. The sites defined by three Zr and
are given in Table Il. The best fit gives the values of theone Fe atom are characterized by higher internal energy be-
parameteréd=(3+0.5)x10 °JT ?mol 'K Y2forthe un-  cause Fe atoms are smaller than Zr ones, and therefore their
doped sample, whereas fo{ZregFes)oedoso A=(17  negative contribution to the crystal field at the tetrahedral site
+0.5)x10 %3 T 2mol *K~Y2 The parameteA increases will be smaller. That is why these sites begin to be occupied
upon hydrogenatioriTable ) through the lowering of the by hydrogen atoms only at higher dopant concentrations and
diffusion constarftand the increase of the Stoner factor. Thethe formation of magnetic moments on Fe sites becomes
enhancement of the spin susceptibility upon hydrogenation ipossible. The increase of the Curie-Weiss temperature for
in agreement with the magnetoresistivity datehich show  hydrogen concentratior=0.4 is not as large as one would
that hydrogen reduces the spin-orbital scattering rats, ~ expect from the increase of the parama@er It is due to the
thus reducing the mixing of spin-up and spin-down sub-fact that the distance between the hydrogen-induced mag-
bands. Since most of the spin-orbit scattering takes place ometic moments on Fe sites is larger than the Fe-Fe nearest-
Zr atoms and in thel band, the reduction of the effective neighbor distance of the undoped sample and the exchange
spin-orbit contribution to the magnetoresistivity by the dop-interaction is screened by hydrogen. Hydrogen doping seems
ant can be taken as evidence that hydrogen atoms migratkus to influence significantly the collective behavior of mag-
mainly to the Zr-rich sites. The strongly temperature-netic moments located at Fe sites when compared to the situ-
dependent magnetic susceptibility, Fig. 4, and nonlinear beation in an undoped matrix. This has also been observed in
havior of the magnetization, Fig. 3, of (ZFes,);_xHyx Me-  our magnetoresistivity measuremeéftahere even a small
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amount of hydrogen concentratiox=£0.017) changes a low which a slight increase can be observed. For larger con-
small negative magnetoresistivity of the undoped sample taentrations, the magnetic susceptibilities are strongly tem-
positive one for magnetic fields lower than 0.4 T. Theperature dependent and show the Curie-Weiss behavior. It
mechanism of this behavior remains to be further investihas been found thag(100 K) increases with the increase of
gated. hydrogen content. This behavior is primarily attributed to the
increase of the contribution of the Fd-&lectronic states to
IV. CONCLUSION the density of states at the Fermi level and to the formation

We have analyzed the magnetic susceptibility data as Ef spin fluctuations apd magnetic moments on t.he Fe site for
function of hydrogen concentration in (ZFes);_ H, me- ydrogen cqncentratlor_lsfo.l. The observed increase of
tallic glass. The system is paramagnetic with magnetic sud® magnetic susceptibility upon hydrogenation can be
ceptibilities that are only weakly temperature dependenY_"hQ”y attributed to the increase in the Curie-Weiss suscep-
down to about 35 K and hydrogen concentration0.1, be- ~ tibility xcw.
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