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Interaction of hydrogen with magnetism in the Y0.4Gd0.6Hx alloy
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The magnetic properties of the system Y0.4Gd0.6H~D!x , in the concentration range 0<x<0.25, have been
determined through electrical resistivity measurements between 1.35 and 300 K. The paramagnetic spin-
disorder resistivityrm

0 decreases with increasing H concentrationx, as well as the amplitudes of the antifer-
romagnetic and ferromagnetic transitions; though the values of the transition temperatures themselves,TN

5192 K andTC580 K, are hardly affected by hydrogen. No low-temperature solid solutiona* phase is
formed, in accord with the empirical observation relating its existence to the value of the interlayer turn angle
between two basal planes in the prevailing magnetic modulation along thec axis. The introduced hydrogen
precipitates as GdH2, superimposing an additional magnetic transformation at 3.6 K and interfering with the
spin-wave spectrum of the alloy at low temperatures.
th
e

re

e
-
rg
s
s

he
d

y
-
m

ne

c

en
ce
-

o

tio

n-
tic

g-
lti-

l-
nts
-

i-
-
le

t

ith

.2
n-
in a

nan-
or
niz-
4

ible
The study of yttrium-rare earth~R! alloys, with Y playing
the role of a diluent for the heavy hcp magnetic rare ear
has a long tradition. Thus, they were, in particular, employ
to show how the interlayer turn anglev i for the various
c-axis-modulated magnetic phases depended on the
Gennes factor,j5(gJ21)2J(J11), of the alloy~see, e.g.,
Ref. 1 for a review!. More recently, these observations we
related,via the structuralc/a ratios of these alloys, to the
specific shape of the Fermi surface, in particular to th
nesting or webbing features.2 Another only recently appreci
ated, characteristic property is their ability to absorb la
amounts of hydrogen and, therefore, to have the latter a
additional factor for structural and electronic modification
A ~by now! well-known example is the phenomenon of t
hydride ‘‘switchable mirrors’’ driven by the H-induce
metal-insulator transition inR films, whose optical gap and
hence the color are controlled by alloying.3 A general review
of the physical properties of binaryR-H systems was given a
few years ago by one of the authors.4

The present investigation, concerning the YyGd12y sys-
tem, has been partly motivated by the results obtained b
previously on YyTb12yHx alloys,5 which had shown a cer
tain correlation between the hydrogen solubility at low te
peratures~in thea* phase! and the~y dependent! helicity of
the manifesting magnetic structuresvia the Fermi-surface to-
pology. It was, in fact, expected that the higher de Gen
factor j and the related smaller interlayer turn anglev i of
Y-Gd alloys compared to Y-Tb alloys, were unfavorable fa
tors for the occurrence of thea* phase in the former.6 A
further support for this argumentation was the very rec
direct observation by positron annihilation of Fermi-surfa
webbing in certain Gd-Y alloys exhibiting helical antiferro
magnetic~AF! configurations.7 We had therefore decided t
study the alloy system YyGd12yHx with y50.4, in order to
investigate the influence of hydrogen in a Gd-concentra
range close to the limit where both ferromagnetic~FM! and
spiral configurations were present.1
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Early work on nonhydrogenated YyGd12y alloys included
magnetization measurements in the range 0<y<0.3 by
Thoburnet al.8 and by Bagguleyet al.,9 for 0.36<y<0.94,
and electrical resistivity measurements by Hennephof10 and
by Sugawara11 in the concentration range 0<y<0.3 andy
50.97– 0.99, respectively. The first qualitative neutro
diffraction experiments establishing the prevailing magne
structures were performed by Child and Cable12 in the do-
main 0.2<y<0.9, complemented later by a detailed ma
netic structure determination on single crystals in the mu
critical region aroundy50.3 by Bateset al.13 More recently,
Foldeaki et al.,14 have studied the modification of crysta
field anisotropy by Y, through susceptibility measureme
in the range 0<y<0.67. And, finally, we have already men
tioned the positron annihilation study by Fretwellet al.,7

clearly observing the relation between helicity and Ferm
surface webbing in Y0.38Gd0.62. As concerns the binary sys
tems with hydrogen, we refer to the general review artic4

and to the specific studies of the Y-Ha* phase15 and of
Gd-H in the two-phase (a1b) region.16

2031 mm2 specimens of 150–250mm thickness were cu
from cold-worked and electropolished Y0.4Gd0.6 foils pre-
pared by the Ames Laboratory~Ames, Iowa!. The starting
materials were nominally 99.99% Y and 99.97% Gd, w
the main metallic impurities: Y~.1 at ppm!–27 Fe, 12 W,
7.5 Cu, 6 Ce, 3.7 Sc, 2.3 Tb, 1.5 Pr, 1.3 Cr; Gd~.2 at.
ppm!–200 W, 38 Fe, 11 Ta, 10 Al, 5 Si, 4 Na, 3.2 Ni, 2
Cu. The foils were provided with four spot-welded Pt co
tacts for the electrical measurements and then degassed
quartz furnace at 700–750 °C in a vacuum of,1026 Torr
before hydrogen loading. One thus annealed and one no
nealed pristine Y0.4Gd0.6 sample were employed as base f
comparison. Hydrogen was introduced at 500 °C homoge
ing for 8 h ~for details of the procedure, see, e.g., Ref.!.
The obtained concentrations~to 60.015! were 0non-ann, 0ann,
0.05, 0.10, 0.15, 0.20, and 0.25 H and, in view of a poss
isotope effect, 0.07 D and 0.10 D.
11 232 ©2000 The American Physical Society



s
d
in

th
of

d

ra

in
nd
ed
ec
e
ur
n

t

in

re
ion
t

o

al
the

he

ion

tiv-
x-
K:

e

ally
h

g
ism

the

be

si-
per
i

-

r

s,
a

e.
sed
s

m

0
0
5
5
5
5
0

i

0

PRB 61 11 233BRIEF REPORTS
The electrical measurements on up to seven sample
multaneously were done by the classical four-point
method, in the range 1.35–300 K, with a relative measur
precision on a (r,T) couple of 1024, corresponding to a
sensitivity of better than 1028 V cm in our experiments. The
absolute precision on the resistivity data, mainly due to
uncertainty of the sample shape factors, is of the order
few %.

High-temperature region

A global view of the resistivity of the Y0.4Gd0.6H~D!x sys-
tem in the whole studied temperature range is presente
Fig. 1 on a series of selected hydrogen concentrations,x. One
notes an essentially invariable residual resistivity,r res
;50mV cm, a break near 190 K indicating the Ne´el tem-
perature given asTN5196 K by neutron diffraction,12 and a
rather parallel phonon resistivity for all samples in the pa
magnetic range aboveTN , with a slope of 0.11mV cm/K at
250–300 K. On the other hand, the slope belowTN , in re-
lation to the spin-disorder contribution, decreases with
creasingx quite regularly. Table I contains the above a
other significant numerical information on all measur
specimens, showing especially no notable isotope eff
~Note the roughly 10% lowerr res for the unannealed pristin
alloy, indicating a possible contamination by residual air d
ing the annealing procedure, but which apparently does
affect the magnetic characteristics.!

The practically constantr res is the first and most direc
demonstration of the absence of a low-temperaturea*
phase. Hydrogen in solid solution would have led to an
creasingr res @with a parallel shift of the wholer(T) curve#,
such as observed in binarya* -YHx ~Ref. 15! and also in the
Y0.9Tb0.1Hx alloy, but not in Y0.2Tb0.8Hx where hydrogen
precipitated at once as a dihydride~see Ref. 5!. This seems to
conform with the above-mentioned empirical rule5,6 that the
existence of a low-T a* phase was limited to systems whe
the interlayer turn angle of the modulated AF configurat
was close to its maximum valuev i;50 deg: in the presen
alloy, Child and Cable12 have measured av i;25 deg, itself
close to the border for the existence of a helical type

FIG. 1. Temperature dependence of the electrical resistivity
the Y0.4Gd0.6Hx system, for five selected concentrationsx; rext

0 is the
phonon resistivity in the paramagnetic range extrapolated to
~see text!.
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magnetism in view of the limiting value for itsc/a ratio,
c/a(Y0.4Gd0.6)51.582, related to an electronic topologic
transition and corresponding to the extreme diameter of
Fermi surface.2 On the other hand, it is reassuring that t
~nonmagnetic! Y, possessing ana* phase, exhibits webbing
features which would correspond to a magnetic modulat
with an v i549.5 deg.17

We have determined the magnetic contribution to resis
ity rm

0 by subtracting the residual resistivity from the e
trapolated phonon part in the paramagnetic region to 0
rm

0 5rext
0 2r res, and shown graphically in Fig. 1 for the pur

alloy as an example. The values forrm
0 are given in Table I,

together with the slopes of the specimens in the magnetic
ordered range belowTN , taken here at 120 K—far enoug
from any ‘‘accidents’’~see below!.

We note a qualitatively similar decrease with increasinx
for these related parameters, in view of the same mechan
acting upon them. Thus, the spin-disorder resistivity in
paramagnetic region can be expressed~see, e.g., Ref. 1! as
rm

0 5(\kF/4pz)(m* G/e\2)2(gJ21)2J(J11). As has al-
ready been suggested in Ref. 5, the role of hydrogen will
to act mainly through a weakening exchange interactionG,
caused by pumping off conduction electrons, while the
multaneous decrease of the conduction electron number
atom z will be partially compensated by that of the Ferm
wave vectorkF . The de Gennes factor,j5(gJ21)2J(J
11), will not be affected, as it is essentially 4f -ion depen-
dent. It appears, thus, that theT-dependent spin-disorder re
sistivity, rm5rm

0 @12^S&2/S(S11)#, where S are the
4 f -electron spins~cf. Ref. 1!, does not contain othe
x-sensitive terms thanrm

0 itself.
Figure 2 presents a clearer view of theT dependence of

the resistivity above 20 K, for three typical concentration
via a differentiated plot. Indeed, we not only have here
preciser picture of the region aroundTN , permitting us to
determine a slightx-dependent decrease of its value~see
Table I! by using the maximum of the second derivativ
But, in addition, one notes a peak near 80 K superimpo
upon the linearr variation withT in this range, which seem
to be a manifestation of the Curie temperature,TC , signaled
by Child and Cable12 at 84 K. An enlarged detailed view in

TABLE I. Specimen characteristics of the alloy syste
Y0.4Gd0.6H~D!x .

x r res
a dr/dTb rext

0 rm
0

dr/dT
~120 K! TN ~K! TC ~K!

0non-a 44.38 0.108 97.22 52.84 0.44 192.0 79.0
0ann 50.35 0.106 104.45 54.10 0.44 192.5 79.5
0.05 50.23 0.112 96.44 46.20 0.40 191.0 80.
0.07D 49.85 0.112 93.95 44.10 0.39 191.0 80.
0.10 50.93 0.114 90.48 39.55 0.36 190.5 79.
0.10D 50.47 0.112 91.60 41.13 0.37 191.0 79.
0.15 51.17 0.114 86.22 35.05 0.33 191.0 79.
0.20 51.23 0.109 83.78 32.55 0.32 190.5 79.
0.25 49.00 0.108 78.55 29.55 0.30 190.0 80.

aAll r values are inmV cm.
bAll derivatives are inmV cm/K.
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the TC area~inset in Fig. 2! shows that the value ofTC is
ratherx independent, oscillating between 79 and 80 K, but
amplitude is clearly diminishing with growing hydrogen co
tents. Thus, it seems that the Y-Gd interaction, which
maximal at our concentrationy50.4 according to the effec
tive moment determinations by Foldeakiet al.,14 is not modi-
fied by hydrogen as expressed through the value ofTC ; it is
only the concentration of the contributing Gd ions~measured
via the peak amplitude atTC! which appears to be reduced.
is also worth mentioning that the transition atTC is broad-
ened in the case of the annealed H-free specimen when c
pared to the nonannealed cold-rolled one~indicated by filled
circles in the inset of Fig. 2!; it looks as if the criticality of
the transition were somewhat inhibited by the impurities
troduced in the anneal and/or by the reduction of textu
Interestingly, the inverse effect had taken place in
Y0.2Tb0.8 alloy, where the transition atTC wasonly visible in
the annealed specimen.5 It is possible that the smaller inter
layer turn angle atTC ~just before turning zero!, v f 8
514 deg in the case of Y0.4Gd0.6 ~as compared to thev f 8
524 deg of Y0.2Tb0.8!, related to the higher de Gennes fact
j ~see Ref. 1!, confers a higher stability to the ferromagne
structure in the present alloy.

Low-temperature region

Figure 3 shows the low-T part ~below 20 K! of the resis-
tivity derivatives for the same samples as in the inset of F
2. The striking feature in this plot is the appearance, upon
addition of hydrogen, of a shoulder which grows into a cle
structure peaking atT53.6 K. In view of its absence in the
H-free alloy, it seems obvious to attribute this peak to
antiferromagnetic dihydride, GdH2, and its temperature to
the AFTN

GdH2 . This seems very small when compared to t

TN
GdH2518.5 K measured in the bulk dihydride18 but is not

unreasonable when recalling the two-phase system Gz
with 0<z<2 ~Ref. 16!. There, a second, low-T, hump was
appearing in the AF region, for smallz values, peaking, e.g.
near 4 K forz50.3: it was ascribed to the interaction b

FIG. 2. Resistivity derivatives through the wholeT range above
20 K, for three selected H concentrations, showing the transition
TC andTN . The inset is an enlarged view aroundTC , for a series of
typical x values:s is 0ann, d is 0non-ann, , is 0.05,3 is 0.10,. is
0.15,h is 0.25 H/unit.
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tween the FM Gd domains and the AF domains of Gd2

~affecting its spin-wave spectrum! caused by a proximity
effect.16

The situation in the H-doped alloys can also be cons
ered as that of oversized fcc GdH2 domains surrounded by a
hcp host lattice under pressure. Now it is known~Ref. 1, for
example! that the magnetic ordering temperatures are gen
ally decreasing with increasing pressure due to the chan
induced in the magnetic anisotropy energy via magne
striction. It should be interesting, in this context, to analy
the magnetic structure of our system by neutron diffract
and, specifically, the role of hydrogen in the low-T configu-
ration.

One can also try and look at the low-temperature reg
where the resistivity behavior is governed by the spin-wa
excitation. Such a plot is presented in a double-logarithm
form in the inset of Fig. 3 where we are showing the intrins
~i.e., here principally the magnetic! resistivity, r05r tot
2rres, for a series of specimens. The hydrogen-free al
exhibits, up to;10 K, aT2.5 dependence turning over into
T3 dependence at higher temperatures. This is reasonabl
a canted ferromagnet with a little axial anisotropy, which
the case here,1 and the beginning contribution of phono
scattering, and reminds us of the low-T behavior of pure Gd
measured by Lu¨thi and Rohrer,19 with a T3.1 dependence for
the magnetic and aT3.5– 3.8dependence for the phonon pa
The decreasing resistivity slope for the H-loaded specim
just before the hump near 4 K~cf. Fig. 3! is an indication of
further loss of anisotropy, a suggestion to be confirmed
neutron scattering. This and the increasing absolute valu
r0 with increasingx are clear signs for the presence of
superimposed AF magnetism of GdH2.

Hence, the analysis of the electrical resistivity of t
hydrogen-doped alloy Y0.4Gd0.6H~D!x has led to the follow-
ing principal conclusions.

~i! The quasi-invariable residual resistivity at all studiedx

at

FIG. 3. Same as Fig. 2, in the low-T region, showing the growth
of the GdH2 peak atTN

GdH253.6 K Inset: temperature dependence
the intrinsic resistivity,r05r tot2rres; in a double-logarithmic plot,
showing the decreasing powern of theTn variation, with increasing
x.
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values, the absence of an anomaly near 170 K which co
have been indicative of H-sublattice ordering, and the
sence of any isotope effect are a sign for a nonexisting l
temperaturea* -solid solution phase. This is in agreeme
with the suggested correlation between the presence o
a* phase and the value for the interlayer turn anglev i of the
modulated magnetic configuration.

~ii ! The values of the antiferromagneticTN
Gd at 192 K and

of the ferromagneticTC
Gd at 80 K remain practically un-

changed by H addition but the amplitudes of their manif
tations are rather weakened.
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~iii ! The paramagnetic spin-disorder resistivity and the
lated r slope in the linear range belowTN

Gd decrease with
increasingx.

~iv! Hydrogen precipitates as GdH2 for the lowest em-
ployed x values, which is seen as a superimposed hump
T53.6 K upon the resistivity of the pure alloy. ThisTN

GdH2 is
much smaller than that of bulk GdH2(TN518.5 K), indicat-
ing a strong interaction between the different domains, a
seen on the spin-wave spectrum.

A qualitative neutron-scattering analysis of this system
indicated and programmed.
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