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Interaction of hydrogen with magnetism in the Y, 4Gdg ¢H, alloy
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The magnetic properties of the systerg &6d, H(D),, in the concentration rangestx<0.25, have been
determined through electrical resistivity measurements between 1.35 and 300 K. The paramagnetic spin-
disorder resistivityp?n decreases with increasing H concentratioras well as the amplitudes of the antifer-
romagnetic and ferromagnetic transitions; though the values of the transition temperatures thermgelves,
=192K andT-=80K, are hardly affected by hydrogen. No low-temperature solid soluiibnphase 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 dixés. The introduced hydrogen
precipitates as Gdjl superimposing an additional magnetic transformation at 3.6 K and interfering with the
spin-wave spectrum of the alloy at low temperatures.

The study of yttrium-rare eartfR) alloys, with Y playing Early work on nonhydrogenated,&d, _, alloys included
the role of a diluent for the heavy hcp magnetic rare earthsnagnetization measurements in the rangey8<0.3 by
has a long tradition. Thus, they were, in particular, employedrhoburnet al® and by Bagguleyet al.® for 0.36<y=<0.94,
to show how the interlayer turn angle; for the various and electrical resistivity measurements by HennefSharid
c-axis-modulated magnetic phases depended on the dg Sugaward in the concentration range<Oy<0.3 andy
Gennes factoré=(g;—1)2J(J+1), of the alloy(see, e.g., =0.97—-0.99, respectively. The first qualitative neutron-
Ref. 1 for a review. More recently, these observations were diffraction experiments establishing the prevailing magnetic
related,via the structuralc/a ratios of these alloys, to the structures were performed by Child and Cablie the do-
specific shape of the Fermi surface, in particular to theimain 0.2<y<0.9, complemented later by a detailed mag-
nesting or webbing featurésAnother only recently appreci- netic structure determination on single crystals in the multi-
ated, characteristic property is their ability to absorb largecritical region aroung/=0.3 by Batest al** More recently,
amounts of hydrogen and, therefore, to have the latter as afoldeaki et al,'* have studied the modification of crystal-
additional factor for structural and electronic modifications.field anisotropy by Y, through susceptibility measurements
A (by now) well-known example is the phenomenon of thein the range 6sy<0.67. And, finally, we have already men-
hydride “switchable mirrors” driven by the H-induced tioned the positron annihilation study by Fretwel al.’
metal-insulator transition iR films, whose optical gap and clearly observing the relation between helicity and Fermi-
hence the color are controlled by alloyifd general review  surface webbing in YsdGdy s> As concerns the binary sys-
of the physical properties of binaB-H systems was given a tems with hydrogen, we refer to the general review afticle
few years ago by one of the authdrs. and to the specific studies of the Y-b* phasé® and of

The present investigation, concerning theGd, _, sys-  Gd-H in the two-phased+ ) region®
tem, has been partly motivated by the results obtained by us 20x 1 mn? specimens of 150—250m thickness were cut
previously on Y, Th,_,H, alloys? which had shown a cer- from cold-worked and electropolished, YGd, ¢ foils pre-
tain correlation between the hydrogen solubility at low tem-pared by the Ames LaboratoyAmes, lowa. The starting
peraturegin the «* phase¢ and the(y dependenthelicity of  materials were nominally 99.99% Y and 99.97% Gd, with
the manifesting magnetic structurés the Fermi-surface to- the main metallic impurities: Y>1 at ppm—-27 Fe, 12 W,
pology. It was, in fact, expected that the higher de Genneg.5 Cu, 6 Ce, 3.7 Sc, 2.3 Tb, 1.5 Pr, 1.3 Cr; Gd2 at.
factor ¢ and the related smaller interlayer turn angleof  ppm—-200 W, 38 Fe, 11 Ta, 10 Al, 5 Si, 4 Na, 3.2 Ni, 2.2
Y-Gd alloys compared to Y-Tb alloys, were unfavorable fac-Cu. The foils were provided with four spot-welded Pt con-
tors for the occurrence of the* phase in the formét.A  tacts for the electrical measurements and then degassed in a
further support for this argumentation was the very recentiuartz furnace at 700—-750°C in a vacuum<ol0~® Torr
direct observation by positron annihilation of Fermi-surfacebefore hydrogen loading. One thus annealed and one nonan-
webbing in certain Gd-Y alloys exhibiting helical antiferro- nealed pristine ¥ ,Gd, ¢ Sample were employed as base for
magnetic(AF) configurations. We had therefore decided to comparison. Hydrogen was introduced at 500 °C homogeniz-
study the alloy system )Gd, _,H, with y=0.4, in order to ing for 8 h (for details of the procedure, see, e.g., Ref. 4
investigate the influence of hydrogen in a Gd-concentratioThe obtained concentratiofi® +0.015 were Q,on-ann Oanns
range close to the limit where both ferromagnéfi®/1) and  0.05, 0.10, 0.15, 0.20, and 0.25 H and, in view of a possible
spiral configurations were present. isotope effect, 0.07 D and 0.10 D.

0163-1829/2000/617)/112324)/$15.00 PRB 61 11 232 ©2000 The American Physical Society



PRB 61 BRIEF REPORTS 11 233

LI 20 o e L L L B L B BB BB TABLE 1. Specimen characteristics of the alloy system
Y0.4Gth H(D)x -
dp/dT
X pred dpldT® pd  pp (120K Ty (K) T (K)
o Onon-a 44.38 0108 97.22 5284 044 1920 79.0
80 9§¥ Oam 50.35 0.106 104.45 5410 0.44 1925 795
QQ;u” ° gz‘; 0.05 50.23 0.112 96.44 4620 0.40 191.0 80.0
?gu” < 010 0.07D 49.85 0.112 93.95 4410 0.39 191.0 80.0
60r nlt v 020 0.10 50.93 0.114 90.48 39.55 0.36 1905 79.5
8 o 025 0.10D 50.47 0.112 91.60 41.13 037 191.0 795
40 '5'0' Lt '1:)6' : '1'56' ' '2'06' : '2'56' 500 015 51.17 0.114 86.22 3505 0.33 191.0 795
T(K) 0.20 51.23 0.109 83.78 3255 0.32 1905 795

. ... .025 49.00 o0.108 78.55 29.55 0.30 190.0 80.0
FIG. 1. Temperature dependence of the electrical resistivity in

the Yy.4Gdy H, system, for five selected concentratioa,w(e)xt isthe 3l p values are inu cm.

phonon resistivity in the paramagnetic range extrapolated to 0 Ka|| derivatives are inuQ cm/K.
(see text

The electrical measurements on up to seven samples Sn]agnetism In view of the limiting value for _its/a ratio,_
multaneously were done by the classical four-point dcé/a(Y(.’"‘Gdo'G):l'SSZ’ relgted to an electromg topological
method. in the range 1.35-300 K. with a relative measurin transition and corresponding to the extreme diameter of the

L ge - i . %ermi surfacé. On the other hand, it is reassuring that the
precision on a &) coup%? of 1q ' correspo_ndlng to a (nonmagnetitY, possessing an* phase, exhibits webbing
sensitivity of be_tter than 1 Q_cr_n In-our exper_lments. The features which would correspond to a magnetic modulation
absolut_e precision on the resistivity data,_ mainly due to th?/vith an w,=49.5 deg!”’
uncertainty of the sample shape factors, is of the order of a We ha{/e de.termin.ed the magnetic contribution to resistiv-
few %. . 0 . . C .
ity pp, by subtracting the residual resistivity from the ex-
trapolated phonon part in the paramagnetic region to 0 K:
p2=p2 .~ pres, and shown graphically in Fig. 1 for the pure

A global view of the resistivity of the ¥,Gd, H(D), sys-  alloy as an example. The values fef}, are given in Table I,
tem in the whole studied temperature range is presented i®gether with the slopes of the specimens in the magnetically
Fig. 1 on a series of selected hydrogen concentratior®ne  ordered range belowy, taken here at 120 K—far enough
notes an essentially invariable residual resistiviyes fOM any “accidents”(see below.
~50u€ cm, a break near 190 K indicating the l¢em- We note a qualitatively similar decrease with increasing
perature given a¥y=196 K by neutron diffractio? and a  for these related parameters, in view of the same mechanism
rather parallel phonon resistivity for all samples in the para@cting upon them. Thus, the spin-disorder resistivity in the
magnetic range abovE,, with a slope of 0.1uQcm/K at ~ Paramagnetic region can be expres¢ge, e.g., Ref.)las
250-300 K. On the other hand, the slope belby, in re-  pm= (fike/4mz)(m*T/en?)%(g;—1)2)(J+1). As has al-
lation to the spin-disorder contribution, decreases with infeady been suggested in Ref. 5, the role of hydrogen will be
creasingx quite regularly. Table | contains the above andto act mainly through a weakening exchange interactipn
other significant numerical information on all measuredcaused by pumping off conduction electrons, while the si-
specimens, showing especially no notable isotope effecthultaneous decrease of the conduction electron number per
(Note the roughly 10% lowep,. for the unannealed pristine atomz will be partially compensated by that of the Fermi
alloy, indicating a possible contamination by residual air durwave vectorke. The de Gennes factog=(g;—1)2J(J
ing the annealing procedure, but which apparently does not 1), will not be affected, as it is essentiallyf4on depen-
affect the magnetic characteristics. dent. It appears, thus, that tiedependent spin-disorder re-

The practically constanp,. is the first and most direct sistivity, Pm=p2[1—(S)?/S(S+1)], where S are the
demonstration of the absence of a low-temperatue  4f-electron spins(cf. Ref. 1), does not contain other
phase. Hydrogen in solid solution would have led to an in-x-sensitive terms thap?, itself.
creasingp,es [with a parallel shift of the whole(T) curve], Figure 2 presents a clearer view of thedependence of
such as observed in binary*-YH, (Ref. 15 and also in the the resistivity above 20 K, for three typical concentrations,
Yoolbg Hy alloy, but not in Y5 ,ThygH, where hydrogen via a differentiated plot. Indeed, we not only have here a
precipitated at once as a dihydriggee Ref. b This seemsto preciser picture of the region aroufiq,, permitting us to
conform with the above-mentioned empirical Rfighat the  determine a slight-dependent decrease of its val(see
existence of a lowF a* phase was limited to systems where Table ) by using the maximum of the second derivative.
the interlayer turn angle of the modulated AF configurationBut, in addition, one notes a peak near 80 K superimposed
was close to its maximum value;~50 deg: in the present upon the lineap variation withT in this range, which seems
alloy, Child and Cabl¥ have measured @~ 25 deg, itself to be a manifestation of the Curie temperatdrg, signaled
close to the border for the existence of a helical type ofby Child and Cabl¥ at 84 K. An enlarged detailed view in

High-temperature region
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FIG. 2. Resistivity derivatives through the whdleange above 0 s N R B
20 K, for three selected H concentrations, showing the transitions at 0 5 10 TK) 15 20

Tc andTy . The inset is an enlarged view arouhd, for a series of
typical x values:O is 0,4, @ iS Oyon.anm V is 0.05,X is 0.10,V is

0.15,07 is 0.25 H/unit. FIG. 3. Same as Fig. 2, in the loWregion, showing the growth

of the GdH peak atTf,dHZ: 3.6 K Inset: temperature dependence of
the intrinsic resistivity po= pioi—pres; IN @ double-logarithmic plot,

. . . . showing the decreasing powenf the T" variation, with increasin
the T area(inset in Fig. 2 shows that the value of is g 9P g

ratherx independent, oscillating between 79 and 80 K, but its

amplitude is clearly diminishing with growing hydrogen con-

tents. Thus, it seems that the Y-Gd interaction, which istween the FM Gd domains and the AF domains of GdH
maximal at our concentratiop= 0.4 according to the effec- (affecting its spin-wave spectryntaused by a proximity
tive moment determinations by Foldeatial,'*is not modi-  effect®

fied by hydrogen as expressed through the valuggfit is The situation in the H-doped alloys can also be consid-
only the concentration of the contributing Gd idinseasured ered as that of oversized fcc GgHomains surrounded by an
viathe peak amplitude dtc) which appears to be reduced. It hcp host lattice under pressure. Now it is kno(Ref. 1, for

is also worth mentioning that the transition B is broad-  example that the magnetic ordering temperatures are gener-
ened in the case of the annealed H-free specimen when corgfly decreasing with increasing pressure due to the changes
pared to the nonannealed cold-rolled dimelicated by filled  induced in the magnetic anisotropy energy via magneto-
circles in the inset of Fig. 2 it looks as if the criticality of  gtriction. It should be interesting, in this context, to analyze
the transition were somewhat inhibited by the impurities in-yo magnetic structure of our system by neutron diffraction

troduced in the anneal and/or by the reduction of texture,pq specifically, the role of hydrogen in the Iweonfigu-
Interestingly, the inverse effect had taken place in therati(;n. ’

Y o2Thy g alloy, where the transition &t wasonly visible in
the annealed speciménit is possible that the smaller inter-
layer turn angle atT. (just before turning zemo w;
=14deg in the case of (\,Gdys (as compared to the;,
=24 deg of 5 ,Thy ), related to the higher de Gennes factor
¢ (see Ref. 1, confers a higher stability to the ferromagnetic
structure in the present alloy.

One can also try and look at the low-temperature region
where the resistivity behavior is governed by the spin-wave
excitation. Such a plot is presented in a double-logarithmic
form in the inset of Fig. 3 where we are showing the intrinsic
(i.e., here principally the magneticresistivity, po= piot
—pres; TOr @ series of specimens. The hydrogen-free alloy
exhibits, up to~10 K, aT?® dependence turning over into a
T2 dependence at higher temperatures. This is reasonable for
Low-temperature region a canted ferromagnet with a little axial anisotropy, which is
the case herk,and the beginning contribution of phonon

Figure 3 shows the loW-part (below 20 K of the resis- . . .
o o ; - ._scattering, and reminds us of the Iawbehavior of pure Gd
tivity derivatives for the same samples as in the inset of Fig; easured by Lihi and Rohref with a T> dependence for

2. The striking feature in this plot is the appearance, upon th . 35-3.8
addition of hydrogen, of a shoulder which grows into a clearﬁle magnetic and & dependence for the phonon part.

structure peaking af =3.6 K. In view of its absence in the The decreasing resistivity slope fpr the_ H-Iogdgd s_pecimens
H-free alloy, it seems obvious to attribute this peak to theuSt before the hump near 4 (f. Fig. 3 is an indication of

antiferromagnetic dihydride, GdH and its temperature to further loss of ?‘”'SOU‘PF’V' a sug_gestlon_to be confirmed by
GdH, ] neutron scattering. This and the increasing absolute value of
the AFT . This seems very small when compared to the

Gdry N _ _ ) . po With increasingx are clear signs for the presence of a
Ty °=18.5K measured in the bulk dihydritfebut is not superimposed AF magnetism of GslH
unreasonable when recalling the two-phase system,GdH Hence, the analysis of the electrical resistivity of the
with 0=<z=2 (Ref. 16. There, a second, loW; hump was hydrogen-doped alloy Y,Gd, gH(D), has led to the follow-
appearing in the AF region, for smallvalues, peaking, e.g., ing principal conclusions.
near 4 K forz=0.3: it was ascribed to the interaction be- (i) The quasi-invariable residual resistivity at all studied
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values, the absence of an anomaly near 170 K which could (iii) The paramagnetic spin-disorder resistivity and the re-
have been indicative of H-sublattice ordering, and the ablated p slope in the linear range beloW:? decrease with
sence of any isotope effect are a sign for a nonexisting lowincreasingx.
temperaturea* -solid solution phase. This is in agreement (iv) Hydrogen precipitates as GgHor the lowest em-
with the suggested correlation between the presence of groyedx values, which is seen as a superimposed hump at
a* phase and the value for the interlayer turn angl®f the ~ T=23.6 K upon the resistivity of the pure alloy. Tth.(jde is
modulated magnetic configuration. much smaller than that of bulk GgTy=18.5K), indicat-

(i) The values of the antiferromagnefi§® at 192 K and  ing a strong interaction between the different domains, also
of the ferromagneticTS? at 80 K remain practically un- seen on the spin-wave spectrum.

changed by H addition but the amplitudes of their manifes- A qualitative neutron-scattering analysis of this system is
tations are rather weakened. indicated and programmed.
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