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Hydrogen ordering and magnetic transitions in YyTb12yH„D…x „y50.9 and 0.2…
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We have measured the electrical resistivity in the range 1.5–300 K of the hydrogenated alloy system
YyTb12yH~D!x , for y50.9 and 0.2, and for hydrogen concentrations 0<x<0.25. It is found that, in the case

y50.9, hydrogen formsa* -solid solutions up to concentrationsxmax
a* 50.21(1). Like in binary a* -YHx , one

observes ordering in the H sublattice near 170 K; a correlation between the periodicity of the helical antifer-
romagnetic~AF! structure in this alloy and that of the modulated chainlike H-H pair configuration in the
ordered H sublattice is noted. Fory50.2, hydrogen precipitates at once as dihydride, which is, e.g., seen
through the emergence of an H-dependent peak at 10 K due to the AF transition ofb-TbH2; the same is also

noted, forx.xmax
a* , in the casey50.9. Hydrogen influences the various magnetic structures present by gen-

erally weakening the Ruderman-Kittel-Kasuya-Yosida polarization interaction. Thus, H addition results in a
decrease of the spin-disorder scattering and of the magnetic manifestations atTN

Tb andTC
Tb. The low-T intrinsic

resistivities are analyzed in terms of various types of spin-wave spectra for the two alloys and their interaction
with hydrogen.@S0163-1829~99!10513-7#
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I. INTRODUCTION

Rare-earth~R! metals absorb hydrogen readily, formin
solid solutions~a phase! and hydrides~b and g phases!,
depending on the concentration and the temperature ra
Some of them, comprising the heavy lanthanides Ho, Er, T
and Lu as well as the assimilated Sc and Y, exhibit me
stable solid solutions,a* phase, which exist down to th
lowest temperatures. Below a critical temperatureTcr

5150– 170 K, they arrange into quasilinear chainlike str
tures formed of H-H pairs located on second-neighbor te
hedral sites along thec axis of the hcp unit cell.~Details of
this phenomenon have been described, together with the
eral situation in theR-H systems, in a recent review by on
of the present authors.1!

One of the exciting aspects of thea* phase is the possi
bility of observing the influence of hydrogen upon the ma
netic order present at low temperatures in Ho, Er, and
and which has already revealed very characteristic eff
related to the interaction of the anisotropic hydrogen c
figuration with the specific magnetic structures prevalen
each metal.2,3 Now, as mentioned above, the ordering tran
tion in the H sublattice occurs in the range 150–170
which lies in the paramagnetic region for the three metals
question. On the other hand, the metals Gd and Tb, with
respective ordering temperaturesTN5293 and 229 K,4 do
not form ana* phase but precipitate at once into the dih
dride b phase resulting in a two-phase (a1b) region at
these temperatures.

We were trying to circumvent this problem by choosi
for our studies the alloy system YyTb12y , using the~non-
magnetic! yttrium component as hydrogen stock in thea*
phase and the terbium component as the magnetic cou
part for the interaction. The magnetic properties of Y-
PRB 590163-1829/99/59~14!/9467~8!/$15.00
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alloys have been explored in detail by neutron diffraction5-7

and magnetostriction.8,9 Since, on the other hand, there ex
extensive studies on the electronic and structural prope
of the a* -YH~D!x solid solutions,1,10,11 this could give us a
good starting point for the comprehension of the behavior
hydrogen in a Y-Tb alloy, which, to our knowledge, had n
been attempted up to now. For the present resistivity exp
ment, which permits a very precise and detailed macrosco
exploration in view of a future neutron-diffraction study, w
have selected YyTb12y alloys with two characteristic com
positions:~a! y50.9, with aTN;50 K ~Ref. 5! but with suf-
ficient Y to be able to test the H influence extrapolating fro
the Tb-free metal,y51 ~Ref. 12!, and~b! y50.2, with mag-
netic transitions atTN5196 K andTC599 K ~Ref. 5! and,
hopefully, still enough Y to retain some hydrogen in sol
tion. In addition, it seems that—apart from an early residu
resistivity study of very Y-rich Y-Tb alloys (y50.995,
0.989, and 0.98! by Sugawara13—there exist no electrica
measurements of this system, even without hydrogen.

In the following we will show that the H-solubility limit
in the Y0.9Tb0.1Hx alloy is about the same as for ‘‘pure’
binary a* -YHx , while it is negligible in Y0.2Tb0.8Hx . We
note an isotope effect on the H-sublattice ordering tempe
ture and determine the H-migration energy through a que
experiment across the ordering range. In they50.2 sample,
we observe a diminution and type change of spin-disor
scattering and a decrease of theTN and TC transitions with
hydrogen; at the same time, we remark on the appearanc
magnetic manifestations near 10 K due to the emerging
hydride (b-TbH2) phase.

II. EXPERIMENTAL PROCEDURE

250-mm-thick YyTb12y alloy foils were purchased from
the Ames Laboratory~Ames, IA! who prepared them by arc
melting nominally 4N material, with the following main me-
9467 ©1999 The American Physical Society
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9468 PRB 59P. VAJDA AND O. J. ZOGAL
tallic impurities~in at. ppm!: Y—27 Fe, 12 W, 7.5 Cu, 6 Ce
3.7 Sc, 2.3 Tb, 1.5 Pr, 1.3 Cr; Tb—20 Fe, 14 W, 9 Y, 7.7 C
5 Cu, 2.3 Cr, 1.5 Pb. They had been cold-rolled to their fi
thickness. 2031 mm2 specimens were cut from these foi
and provided with four spot-welded Pt contacts for the el
trical measurements. They were then annealed and dega
in a quartz furnace in a vacuum of,1026 Torr at 700–
750 °C and subsequently loaded with hydrogen~or deute-
rium!, homogenizing for 8 h at 500 °C~for details of the
loading procedure, see, e.g., Ref. 1!. The obtained concen
trations were~to 60.015! ~a! y50.9, x50, 0.01, 0.05, 0.12,
0.15, 0.20, 0.22, 0.25H, and 0.1D;~b! y50.2, x50, 0.02,
0.06, 0.10, 0.15, 0.20H, and 0.1D.~As concerns the un
loaded,x50, specimens, we had measured their resistivi
in both the as-delivered unannealed state and after a the
treatment corresponding to the precharging conditions. In
estingly, the alloys withy50.9 reacted to the anneal qui
differently from those withy50.2: while the latter had ‘‘im-
proved,’’ in particular with regard to their magnetic manife
tations, after elimination of the cold-roll effects, the form
had increased in their residual resistivity due to the abso
tion of ;1 at. % H from the rest gas in the oven atmosphe
giving thex50.01 specimen of the above series.!

Some of the specimens were submitted to a quench
treatment in order to check for possible effects of the dis
der in the H sublattice. This was achieved by dipping
sample holder in liquid nitrogen before transfer towards
helium cryostat: the estimated cooling rate was of the or
of 103 K/min as compared to the ordinary, slow, cooling ra
of ,0.5 K/min.

The electrical measurements were performed in a pum
liquid-helium cryostat between 1.5 and 300 K, using t
classical four-point dc method and measuring up to se
specimens simultaneously~for details see, e.g., Ref. 2!. The
absolute precision of the resistivity data is several %, ma
due to uncertainties in the geometrical shape factor; the r
tive precision on a (r,T) couple is of the order of 1024,
corresponding to,1028 V cm in our experiment.

III. RESULTS

A. y50.9

Figure 1 presents a series of typical specimens with v
ous x concentrations, showing the global evolution throu
the whole measured temperature range 1.5–300 K.
notes a regular increase of the residual resistivity,r res, with
x, resulting in a parallel shifted set of curves, up to a value
x50.20; the next-higher presented concentration,x50.25,
exhibits a lower r res value than x50.20 and a low-T
anomaly, indicating beginning precipitation of the~lower-
resistivity! hydride phase. Let us also note here that the hi
temperature slopes~taken between 250 and 300 K! show a
slightly but definitely decreasing tendency with growingx,
reaching a minimum forx50.22, the next higher concentra
tion x50.25 possessing again higher slope, comparabl
that of thex50.15 specimen. Furthermore, one observes
anomaly near 170 K, growing withx and due to hydrogen
sublattice ordering. Qualitatively, the above described p
nomena are, until now, very similar to those observed
Tb-free YH~D!x , and we shall analyze them in more det
below.
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The plot in Fig. 2 shows the solubility limit of hydro
gen in thea* phase, given by the resistivity maxima i
the exhibited isothermalr(x) dependences, perusing a
specimens: xmax(Y0.9Tb0.1)50.21(1) at. H~D!/unit, the
same as for binarya* -YH~D!x , xmax50.20(1), within
measuring precision.12 The slopes in the initial, linear, par
of the curves give the specific resistivity increase p
hydrogen atom@r~0 K! corresponds tor res#:

Dr/Dx ~0 K!54.0~2! mV cm/at. % H~D!,

Dr/Dx ~295 K!53.4~2! mV cm/at. % H~D!,

quite comparable to other similara* -RH~D!x systems.1

Figure 3 gives a collected view of the H-ordering regi
around 170 K, regrouping various specimens in order to e
phasize various parameters, and shown in a differentia
plot, for more distinction. Thus we see clearly the prese
of the anomaly in thex5 ‘ ‘0.01’’ specimen@Fig. 3~a!#, con-

FIG. 1. Temperature dependence of the resistivity in the a
system YyTb12yH~D!x for y50.9 and various typicalx values. The
bold arrow indicates the ordering anomaly in the H sublattice
170 K.

FIG. 2. Resistivity isothermals at room temperature and at 0
~extrapolated!, as a function of hydrogen concentration, fory
50.9, showing the solubility maximum nearx50.21.
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firming the classification established from itsr res value. On
the other hand, its unannealed cold-rolled ‘‘brother’’ exhib
an anomaly in this interval which is at least an order
magnitude smaller, supporting itsx50 designation. Figure
3~b! exposes the isotope effect on the anomaly of two co
parablex concentrations,x50.12 H and 0.1D. The measure
critical temperatures are

Tcr~H!5169~1! K and Tcr~D!5172~1! K;

the anomaly temperatures are roughly the same as for
binarya* -YH~D!x ,12 but the isotope effect is smaller in th
present case,DTcr~D,H!53(1) K, ascompared to the 5~1! K
of Ref. 12. Figure 3~c! shows the further growth of the
anomaly amplitude with hydrogen concentration, reachin
maximum aroundx50.2, thex50.25 sample already pos
sessing a smaller value. The anomaly amplitude, expre
as the difference between the maximum and the minim
values ofdr/dT around;170 K, exhibits a maximum nea
x50.21 and represents thus a satisfying analogy to the
therms of Fig. 2.

It seemed interesting to see how the addition of Tb wo
influence the ordering capacity of the H sublattice, nam
the migration energy of the H atoms after a quench acr
the ordering region. We have made this experiment on
concentrations,x50.22 H andx50.1 D, at the same time
investigating an eventual isotope effect. The quench w
very efficient, Drq52.5– 3.5mV cm, i.e., the quenched-in
resistivity increase was about three times that in the p

FIG. 3. Resistivity slopes in they50.9 alloy system around 170
K for variousx concentrations.~a! x50 ~nonannealed!, x590.019
~annealed state, see text!, and x50.05; ~b! isotope effect forx
50.12H and 0.1D;~c! x50.15, 0.20, and 0.25 indicating a solubi
ity maximum belowx50.25.
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a* -YH~D!x experiment,12 due to the much higher cooling
rates in our present, more performing, procedure, thus
creasing the measuring precision in the subsequent anne
treatment. Figure 4 shows the recovery of the quenche
Drq for the two samples and the evolution of the slop
around the annealing stage in the inset. As for the bin
a* -RH~D!x systems,1 the recovery process turns out
simple one-stage mechanism which can be analyzed b
first-order chemical-rate kinetics. As shown earlier,14 the mi-
gration energy of the recovering species can be written
Em5kBTp

2@dDrq(Tp)/dT#/Drq(Tp), with the recovered re-
sistivity fractions and corresponding slopes taken at the p
temperature,Tp . The measured annealing peaks are

Tp~H!5166~1! K and Tp~D!5172~1! K,

some 3 K higher than the respective values in bin
a* -YH~D!x ~Ref. 12!. The resulting migration energies ar
also higher:

Em
Y0.9Tb0.1~H!5240~10! meV and

Em
Y0.9Tb0.1~D!5280~10! meV,

which is 30–40 meV more than fora* -YH~D!x , indicating
a possible retarding effect of the Tb doping.

Let us now look for specific manifestations of the T
presence, i.e., for any magnetic effects, for which Fig
gives possible indications. Figure 5~a! is a differential plot of
a series of concentrations in the low-T range and shows a
peak at 43 K preceded by a minimum at 53 K, for the H-fr
specimen. This could be the Ne´el temperature given by Child
et al.5 asTN'50 K for y50.9 from their neutron-diffraction
studies; the agreement is not too bad in view of the smalln
of the observed magnetic intensities. The influence of hyd
gen uponTN

Tb is immediate: the peak amplitude decreas
strongly and is hardly visible forx>0.1; the slopes also
decrease—above but mainly belowTN—by a factor of 2
from x50 to 0.20. TheTN

Tb value itself shifts simultaneously
to lower temperatures by about 10 K betweenx50 and 0.05
~see also Table I!.

FIG. 4. Recovery curves of the quenched-in resistivity forx
50.22 andx50.1D, in they50.9 system. The inset shows th
slopes in the peak area used for theEm determination~see text!.
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9470 PRB 59P. VAJDA AND O. J. ZOGAL
A further increase inx, above the solubility limitxmax
a*

'0.2, gives rise to a new phenomenon. Figure 5~b! shows
the emergence of a new peak atT58 – 8.5 K, for x50.22,
which grows strongly in amplitude and shifts somewhat to
K, for x50.25. ~Interestingly, a quench of thex50.22
sample results in an increase of this anomaly.! In view of the
absence of the peak for the specimens withx<0.20, it seems
justified to attribute it to the Ne´el temperature of the dihy
dride, b-TbH2, which begins to precipitate out of the two
phase (a1b) region for these concentrations. Its absolu
value, however, is less than half of the ordering tempera
of bulk b-TbH2, TN

TbH2520– 21 K ~Ref. 15!.

B. y50.2

A global view of the thermal resistivity evolution in th
y50.2 system~Fig. 6! looks quite different from that with
y50.9 ~Fig. 1!. Apart from the expected break near 200

FIG. 5. Resistivity slopes in they50.9 alloy system for various
x concentrations. ~a! Around TN

Tb; ~b! aroundTN
TbH2; the x50.22

sample is shown in the relaxed~,! and in the quenched state~.!.

TABLE I. Magnetic transitions in the alloy Y0.9Tb0.1H~D!x .

x TN
Tb/Ka TN

TbH2/K

0 53
0.01b 50
0.05 44
0.1D 35
0.12 33
0.15 ~32!

0.20
0.22 8–8.5
0.25 9.0

aTaken at the slope minimum.
bCorresponds to the heat-treatedx50 specimen.
9

re

which is the magnetic transition temperature determined
neutron diffraction and given asTN

Tb5196 K for the H-free
alloy,5 one notes, with increasingx, a decreasing slope in th
ordered range belowTN

Tb, but a practically unchanging re
sidual resistivity,r res521– 22mV cm for all x ~see Table II
for details!. The slope decrease can be understood as a
minishing contribution of spin-disorder scattering to resist
ity, rm

0 , determined after subtraction of the high-temperat
phonon contribution extrapolated from the paramagne
range to 0 K. The inset in Fig. 6 shows a regular decreas
rm

0 with increasingx. ~We have also plotted here therm
0

value of the unannealedx50 specimen, for comparison.!
Let us also mention the apparent decrease of the elect
phonon coupling, expressed by a slightly diminishi
slope in the range aboveTN

Tb with increasingx ~Table II!:
it passes from dr/dT(x50)50.128(3) to dr/dT(x
50.20)50.118(2)mV cm/K, which is definitely more
than the estimated 2% uncertainty.

A close look at theTN
Tb area showed very little variation

with x for theTN
Tb value: a detailed determination through th

second derivative yieldedTN
Tb(x50)5201.2 K andTN

Tb(x
50.20)5200.0 K, with a relatively regular interpolation fo
the intermediatex concentrations~Table II!. This nearly
H-independentTN

Tb value is, together with the constantr res,
a first indication of negligible hydrogen solubility, i.e., pra
tically no impurity scattering effect of the H atoms, but pro
ably very early global interaction through hydride precipit
tion. The same conclusion can be drawn from the to
absence of any sign for H-sublattice ordering in the us
range around 150–170 K.

Figure 7 is scanning the interval for ferromagnetic~FM!
ordering aroundTC

Tb. Child et al.5 give from their neutron-

FIG. 6. Temperature dependence of the resistivity in the a
system YyTb12yH~D!x for y50.2 and various typicalx values. The
straight line shows the extrapolation of the high-T slope, in the case
x50, for the determination of the magnetic contributionrm

0 , shown
in the inset as a function ofx ~the nonannealedx50 sample is
indicated by a central dot, the 0.1D sample in black!.
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TABLE II. Specimen characteristics for the alloy Y0.2Tb0.8H~D!x .

x
r res

a

~mV cm!
dr/dT ~RT!
~mV cm/K!

rm
0

~mV cm!
dr/dT
~150 K! TN

Tb/K TC
Tb/K

0 21.75 0.128~2! 65.6 0.543 201.2 114.75
0b 22.2 0.125 62.0 0.531 200.7
0.02 22.0 0.124 60.6 0.504 201.0 114.5
0.06 21.55 0.124 56.6 0.474 200.7 112.5
0.10 22.1 0.125 52.85 0.447 200.5 110.5
0.1D 21.35 0.123 52.0 0.440 200.5 112.0
0.15 20.8 0.122 50.45 0.423 200.2 112.5
0.20 21.85 0.118 46.85 0.394 200.0 112.5

aTo 61%.
bUnannealed specimen.
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scattering experiment aTC
Tb599 K for the y50.2 alloy,

while the x-ray lattice parameter measurements8 and the
magnetisation data of Ref. 9 give, for a composition close
ours, y50.165, aTC

Tb5120 K. The present resistivity mea
surements show a singularity atTC

Tb5115 K for the H-free
x50 specimen, which flattens and broadens quickly up
hydrogenation. Its value decreases with increasingx, passing
to TC

Tb(x50.10)5110.5 K, but stabilizes, for higherx,
around 112–113 K~see Table II!. ~We wish to add here tha
no manifestation ofTC

Tb whatsoever could be seen on th
unannealed cold-worked specimen.!

Furthermore, one notes~Fig. 8!, at low temperatures, a
superimposition of a new, hydrogen-dependent, resisti
contribution, best seen in differential form exhibited on t
upper part of the figure. There, we observe a peak at 10
which appears for the lowest H concentration measu
and whose amplitude keeps growing practically in a lin
proportion with x. We attribute this peak tentatively t
the magnetic transition of the dihydrideb-TbH2, TN

TbH2

510.0(2) K. @The comparison with theTN
TbH2 manifestations

FIG. 7. Resistivity slopes in they50.2 alloy system around
115 K for variousx concentrations, showing the singularity atTC

Tb

for x50.
o

n

y

K,
d
r

in the x.xmax
a* specimens of they50.9 alloy ~Fig. 5! is

striking, even if, in the latter case, theTN
TbH2 was somewhat

lower, 8–9 K, and, in addition, a quench effect w
measured on the peak intensity, while no such phenome
could be observed fory50.2.#

Finally, no isotope effect was observed for thex50.1D
specimen through the whole measured temperature ra
confirming, together with the absence of a quench effec
negligible presence of hydrogen in solution capable of ord
ing into a sublattice.

IV. DISCUSSION

The temperature dependence of the electrical resistivit
a magnetically ordering metal can be written as

r~T!5r res1rmag~T!1rph~T!, ~1!

FIG. 8. Temperature dependence of the resistivity in they
50.2 alloy system in the low-T region, for three selectedx values;
upper part: resistivity slopes aroundTN

TbH2 for all x.
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9472 PRB 59P. VAJDA AND O. J. ZOGAL
where the last two terms are due to magnetic and to pho
excitations. It is, therefore, practical to analyze the influen
of hydrogen upon each of the three above terms separa

The magnetic structure of the whole range of YyTb12y
alloys, 0<y<1 ~Ref. 5!, with a more detailed analysis in th
interval 0.93<y<0.98 ~Ref. 7!, has been studied by neutro
diffraction. It was found that the FM phase of Tb was rapid
destroyed upon dilution by Y, already fory>0.25, while the
AF helical ordering along thec axis of these hcp alloys
which is observed at least up toy50.98, is stabilized result
ing in an even stronger exchange interaction than in p
terbium.6 Similar conclusions were drawn from rece
159Tb-NMR experiments16 on bulk and epitaxial Y-Tb al-
loys: yttrium is not to be considered a simple spin diluent
makes a substantial contribution to the transferred hyper
field.

The interlayer turn angle in the helical structure increas
from ;20° on, with increasingy and stabilizes, fory>0.6,
around 50°, corresponding to slightly more than seven pla
per full spiral turn. It is interesting to recall, in this contex
that the zigzagging H-H pair structure of thea* phase ob-
served by neutron scattering in the systemsa* -RDx with
R5Sc, Y, and Lu~see, e.g., Ref. 1! and described in the
Introduction is modulated with a wavelength of 3.75c be-
tween two configurational repetitions, corresponding to
interlayer planes.~Similar speculations had been undertak
by McKergow et al.11 in the discussion of their origina
model of linear ordering of deuterium in yttrium but consi
ering a modulation wavelength of 3c or six atomic layers.!
On the other hand, another interesting point has been
cently discussed by Andrianov,17 who observed that the pe
riod of the helical magnetism in rare earths depended
their c/a ratio and, therefore, the turn angle could be mo
fied by alloying or by applied pressure or simply by varyi
the temperature. A critical value of (c/a)cr51.582(1) had
been associated with an electronic topological transition
lated to the extreme diameter of the Fermi surface. We s
make use of these considerations in the discussion of
situation in the Y0.9Tb0.1Hx system.

A. y50.9

Even if the mechanism determining the hydrogen solu

ity in the a* phase and, in particular, its limiting valuexmax
a*

is not quite clear yet—there is no obvious correlation b

tween the measuredxmax
a* and the atomic structural param

eters of the rare earths in question, see, e.g., the discussi

Ref. 1—it seems reasonable to find thexmax
a* determined for

the Y0.9Tb0.1Hx system the same as in the bina
a* -YH~D!x ; note that a dilution of Y by 10 at. % Tb in
duces a relative change in the lattice parameters of less
1023 ~Ref. 8!. On the other hand, it might be worth mentio
ing that, in the Tb-freea* -YHx solutions, thec/a ratio is
growing upon H addition and reaches a limiting val

c/a(xmax
a* )51.582 at room temperature, which is just the cr

cal value associated with the electronic topological transit
in Y quoted above.17

The evolution with hydrogen of the transition towards h
lical ordering atTN

Tb;50 K for x50 @Fig. 5~a!# can be de-
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scribed through a decrease in the carrier concentration w
adding hydrogen, which is the general case inR-H systems,
where low-energyR-H bonding states are formed.18 Pump-
ing off electrons from the conduction band has immedi
consequences upon all manifestations mediated by RK
interactions, such asTN

Tb andrmagand also upon the electron
phonon interaction in the high-T slopes of the resistivities
Incidentally, it seems that the addition of hydrogen in so
tion has an analogous effect uponTN

Tb as the dilution of Tb
by Y. In fact, Rainfordet al.7 note a linear decrease ofTN

Tb in
their YyTb12y alloys when going fromy50.93 to 0.98.
When extrapolating to our case,y50.90, addingx50.05H
results in a decrease ofTN

Tb by 9 K ~Table I!, which corre-
sponds to the effect of a reduction by 1.5% Tb.

As to the magnetic contribution to the resistivity in E
~1!, it can be investigated at low temperatures where
phonon part is negligible, after subtraction ofr res. We are
showing such a dependence, for a selected number of sp
mens, in Fig. 9 in a double-logarithmic plot. Besides t
general diminution ofr0 upon the addition of hydrogen, i.e
the suppression ofrmag with x, we note that ther0(T) de-
pendences consist of two contributions: a low-T part propor-
tional to Tn with n varying between 2.5 and 3, and, in th
range ;10–30 K, a perfectT2 dependence. The latter i
expected for helical antiferromagnetism,4 while the former
can be understood through a small anisotropy contribution
the crystal field, with a possible stiffening withx due to the
presence of H-H pairs aligned along thec axis.

A final remark concerning the value ofTN
TbH2 of the dihy-

dride magnetism emerging forx.xmax
a* @Fig. 5~b!#. Bulk

b-TbH2 orders at 21 K in a sinusoidal incommensurate A
structure, with a propagation vector close to@116# which
turns commensurate and parallel to@113# at 18 K, with a
coexistence interval between the two configurations.15 It is
not clear,a priori, how the propagation vectors existing
the cubic~fcc! b phase will behave in an hcp environme
with a smaller atomic volume, but a weakening of the e
change interaction leading to a decreasingTN

TbH2 seems not at
all unreasonable.

FIG. 9. Temperature dependence of the intrinsic resistivity
the low-T region for several concentrations in they50.9 alloy sys-
tem, indicating the decomposition into twoTn dependences.
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The temperature-dependent spin-disorder resistivity
be written as4

rm
0 5~\kF/2pz!~m* G/e\2!2~gJ21!2J~J11!, ~2!

where (gJ21)2J(J11) is the de Gennes factor,z the num-
ber of conduction electrons per atom,m* their effective
mass,kF the Fermi wave vector, andG the exchange inter
action parameter. Hence, its decrease with hydrogen~inset of
Fig. 6! can be understood through a weakeningG, caused by
pumping off conduction electrons, probably a more efficie
factor than the equally decreasingz in the denominator.
Similar phenomena had already been reported before
polycrystallinea* -ErHx anda* -TmHx .19

As can be seen from Table II, the decrease withx of rm
0

has a closely parallel variation to that of the slope in
AF-ordered interval betweenTC

Tb andTN
Tb, showing that the

same mechanisms are acting both upon theT dependence o
rm ~not too far belowTN

Tb) and upon its maximum valuerm
0 .

This means that the electron-phonon coupling in the orde
range is weakened in parallel with the exchange interact
and this much more than the coupling aboveTN

Tb ~see Table
II for the high-T slopes!. On the other hand, the very sligh
~if any! decrease ofTN

Tb itself shows the little influence upo
magnetic ordering that the hydrogen has in this Tb-rich s
tem with strong anisotropy contributions.

At the same time, the hydrogen seems to have an im
diate effect upon the FM transformation atTC

Tb ~see Fig. 7!.
In fact,TC

Tb appears to be very sensitive to external influen
such as alloying or metallurgical treatment. Thus, Ch
et al.5 have shown that going fromy50.1 to 0.2 droppedTC

Tb

from 175 to 99 K, and fory50.25 noTC
Tb was detectable any

longer. As already mentioned in Sec. III B, cold-rolling
the x50 sample had completely suppressed the manife
tion of TC

Tb. Hence, the formation of cubicb-TbH2 upon
hydrogenation has a quite perturbing effect upon thec-axis
ferromagnetism of this hcp alloy.

The emergence of the antiferromagnetism ofb-TbH2 at
T510 K ~Fig. 8! perturbs also the spin-wave spectrum of t
alloy at low temperature. Figure 10 presents a doub
logarithmic plot of the intrinsic resistivity~practically just its
magnetic contribution! as a function of temperature, showin
a netT4 dependence for thex50 sample, while the H-loaded
specimens exhibit rather a close toT3 dependence. Now, th
former corresponds4 to spin-wave scattering in metals wit
conical magnetism, i.e., helical plus FM along thec axis,
which is the case for pure Y0.2Tb0.8, while the latter repre-
of

he

yr
n

t

or

e

d
n,

-

e-

s

a-

-

sents rather the complex sinusoidal AF of the dihydr
phase.15 The fact that the absoluter0 values increaseas a
function ofx in this T range~while they haddecreasedin the
y50.9 system! is another sign of a superimposition of a ne
(b-TbH2) magnetic contribution onto an old~Tb! existing
one.

V. CONCLUSIONS

The addition of hydrogen into the YyTb12y system leads
to quite distinct behavior for the two alloys withy50.9 and
0.2, respectively, mainly because the H atoms enter in s

tion ~for x<xmax
a* ) in the former case, while they precipitat

at once as dihydride (b-TbH2) in the latter. This leads, in
addition to the appearance of~isotope-dependent! structural
ordering in the H sublattice near 170 K, to the observation
the following phenomena due to the interaction of hydrog
with the different magnetic structures present:~i! decrease
of rmag with increasingx for both y values;~ii ! strong de-
crease ofTN

Tb for y50.9 and slight~if any! decrease fory
50.2; ~iii ! suppression and slight shift ofTC

Tb with x for y

50.2; ~iv! emergence ofTN
TbH2, for x.xmax

a* 50.21(1), in the
casey50.9, and, for allx.0, in the casey50.2; in both
alloys is the value ofTN

TbH2;const with x ~8.5–10 K! but
much smaller than in bulkb-TbH2 ~21 K!.

Neutron-diffraction experiments are indicated and p
grammed for a qualitative understanding of the above
scribed interaction of hydrogen with magnetism.

FIG. 10. Temperature dependence of the intrinsic resistivity
the low-T region for several concentrations in they50.2 alloy sys-
tem, indicating the transition from aT4 to a T3 dependence upon
hydrogenation.
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