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Magnetic structure of B8-DyD,.,: Modulated phases forx=0 and short-range order
for x=0.135
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The magnetic transitions in the stoichiometric dideuter®®yD, o, have been studied by cold-neutron
diffraction and low-field magnetization measurements. We observe, bEjewb.0(2) K, two sinusoidally
modulated configurations, one far<T,, the other forT,;<T=<T,, with a partial overlap of about 0.5 K
between them. The transition &t presents a thermal hysteresis between 2.5 and 3.5 K. The magnetic structure
below T, is nearly commensurate, with a propagation vector clogd/1/4,3/4, k,=(0.258,0.273,0.750),
that betweerT,; andT, is more incommensurate, withkg=(0.275,0.275,0.750). Thg8-DyD, ;35 Specimen
shows no magnetic long-range order but exhibits a broad bump in its spectrum, disappearing at 4—6 K and
attributed to short-range ordered domains-e80 A correlation length, confirming earlier resistivity and
susceptibility measuremen{$0163-182@7)04105-2

I. INTRODUCTION of Dy. They noted magnetic reflections at 4.2 K and at 1.6 K
but were unable to determine transition temperatures because

Dysprosium dihydride is one of thg-phase rare-earth of weak intensities; the lines were attributed to a sinusoidally
hydrides,3-RH,, crystallizing in the fcc fluorite-type struc- modulated AF structure, with a propagation vedtoalong
ture (with all tetrahedral sites ideally occupiednd exhibit-  [113] and a period of 4,/+/11, wherea, is the parameter of
ing magnetic ordering at low temperature. Moreover, it isthe unit cell. Traces of an “intermediate” magnetic structure
well known that additional hydrogen atoms,sitting in oc-  [similar to that suggested for ThRef. 6] were signaled in
tahedral interstitial sites{,, and forming superstoichiomet- the 4.2 K spectrum.
ric B-RH,., compounds, exert a significant influence upon As concerns the superstoichiometgeDyH(D), ., com-
the magnetism of these systems, leading sometimes to thmunds, very little work had been done until quite recently.
vanishing of magnetic configurations and/or to the appearMossbauer measurements on an ill-characterized ;,QyH
ance of new onegfor a detailed review, see, e.g., Ref. 1 specimefindicated a magnetic transition at a temperature as
Thus it was shown recenfiythat, in 8-TbD,_,, the mag- high as 20 K, while a DyHly4 specimen exhibited a flat sus-
netic phase diagram consisted of various overlapping comeeptibility maximum near 6 K, attributed by the authors to
mensurate and incommensurate antiferromagr@f) re- magnetic SR®. The DyD,qs sample of Shakecet al®
gions, depending on the concentration of thdiydrogen showed no magnetic reflections and no hyperfine structure
atoms and also on their ordering state. Therefore, it has beatown to 1.4 K. Finally, complete low-temperature investiga-
recognized during the past decade that the precise charactéiens of the DyH,, system were performed through the
ization ofx was essential for the reproducibility and correctwhole B-phase region, &x<x~ . [with x5.,=0.23(1) at.
description of experimental results. H/at. Dy as determined by x-ray lattice parameter

The first reliable observations of magnetic transitions inmeasurement§  using electrical ~ resistivity  and
the “pure” (x=0) dihydride DyH were made by Biegan- susceptibilit}* experiments. They showed the extreme sen-
ski, Opyrchal, and Drulf§in specific-heat measurements. sitivity of the magnetic manifestations to a variationxgfa
They noted a\n-type transition affy=3.30 K, attributed to  direct result of the modifications of the crystal-field environ-
AF ordering, and a broader one, peaking Tgt=4.5 K, = ment due to théd,-H, andH,-H+ interactions, such as mea-
which remained unidentified. Friegt al* observed a well- sured for example by inelastic neutron scatteffhg. tenta-
defined hyperfine pattern in their sbauer spectrum below tive magnetic phase diagram was propoSedwhich
3.3 K and a curious distribution with broad lines between 3.ontained a SRO region down to 1.3 K for intermediate
and 6 K, assigning the former to long-range-ordefe@O)  values, x~0.1, surrounded by two commensurate AF-
and the latter to short-range-order@RO magnetism. The ordered regions for smaller and for larger which were
first neutron-diffraction study of Dybwas performed by preceded by incommensurate or SRO structures.
Shaked etal® who used short-wavelength neutrons In this work, we present a detailed neutron-diffraction
(A~1 A) because of the rather high absorption cross sectiostudy (combined with low-field magnetization measure-
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ments of the pure dihydride, DyB,,, and of anx-doped
specimen, DyB 35, undertaken to clarify various contradic-
tions in former work. In particular, we wanted to complete
Shaked’s dafausing subthermal neutrons\.¢2.4 A) and
characterize more precisely the magnetic structures for
x=0, as well as to check their preliminary result concerning
an intermediatex value. We have established, fee=0, an
incommensurate AF structure below 5 K, which is overlap-
ping with a nearly commensurate AF component; the latter =
order-order transition presents a rather strong hysteresis ef-
fect. All long-range magnetism appears destroyed for
x=0.135; on the other hand, a magnetic SRO configuration
is observed, which vanishes between 4 and 6 K.

arb. units)

Il. EXPERIMENT

Approximatey 1 g bulk Dy pieces of 99.99 at. % nominal
purity, purchased from the Ames LaboratdAmes, lowa,
were loaded with hydrogen after degassing at 650-700 °C
for several hours until reaching a vacuum -efL0"8 Torr.

The hydrogenation procedure took place in two pafis:
preparation of the “pure” dideuteride, filling all available
tetrahedral sites by heating in a controlled deuterium atmo-
sphere at 550-600 °C an@) addition of the octahedral
x-deuterium atoms at 350—400 °C. This separation of the
hydrogenation procedures ensures the precise determination
of the concentratiox in the case of an understoichiometry

of the pure dihydride. In our case, due to the high purity and
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the thorough preparation of the starting metal, the composi-

tion of the dideuteride reached stoichiometry, DyR). FIG. 1. Diffraction spectra of DyR,, taken at 8 K(upper part

The second sample was dopedxte 0.135 at. D/at. Dy. Af- and at 1.4 K(lower par}, indicating the nuclear structure lines and

ter preparation, the specimens were crushed to powder fdevealing the incommensurate magnetic phase at small angles in the

the diffraction experiments. low-T spect.rum. The other peaks are due to impurities and to the
Neutron-diffraction measurements were performed on th&2mple environment.

G4.1 spectrometer located at the cold-neutron guide of the

Orphee reactor of the Laboratoire be-Brillouin at Saclay,

using an 800 cell multidetector in the range £20<92°.

Neutron spectra were taken employing a wavelength of

A=2.425 A, in the interval 14 T<12 K. To minimize the We present in Fig. 1 the measured neutron-diffraction

effect of the high absorption cross section of Dy, a srt@ll spectra of Dyl in the paramagnetic region, dt=8K

mm diameter cylindrical sample holder was used for the (Upper parn, and in the magnetically ordered region, at

experiments. The diagrams were analyzed employing the Ril =1.4 K (lower pari. A first comparison with the spectra of

etveld progranFULLPROF Shakedet al® shows essentially a better resolution, mainly
dc magnetization measurements were made on a,lgyH due to the longer wavelength neutrons in our case, allowing

sample using a superconducting quantum interference devigfiner analysis. This was obtained by treating the difference

magnetometeffrom Cryogenic Ltd in fields as low as 1 Oe patterns as exhibited in Fig. 2 at various measuring tempera-

and in a temperature range from 300 K down to 2 K. Speciafures and referred to the=8 K spectrum.

care was taken in the interval between 2 and 10 K to deter- Two main features have to be note@) the appearance,

mine the critical temperatures and the possible onset of lowelow T,=5.0(2) K, of a series of narrow magnetic reflec-

T irreversibilities. The usual procedures were used, in whiciions close to but not exactly at the corresponding positions

the sample is first zero-field-coolédFC) down to the low-  indicated in Ref. 5ii) the emergence, below;~3 K, of

est temperatures before applying the field and measuring tH€eW magnetic lines slightly overlapping with the former

magnetization as a function df (ZFC magnetization The ~ spectrum. They exhibit a striking thermal hysteresis as seen

field is kept constant and other measurements are taken, witA Fig. 3, T1(down)=2.5(2) K andT,(up)=3.5(2) K, indi-

the sample again being cooled doffield-cooled(FC) mag- ~ cating a first-order transformation.

netizatior] or heated back uffield-heated FH) magnetiza- It was not possible to fit correctly the series of small lines

tion]. The differences in the observed data serve to detedietweenT, and T, with any commensurate AF configura-

any irreversible effects. tion, in particular alond113], if following the analysis for

I1l. RESULTS AND DISCUSSION
A. x=0
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FIG. 2. Difference spectra of Dy, taken at 1.4 K {-) and at FIG. 4. Difference spectrum of Dy, between 1.4 and 8 K,

3.1K (O) with decreasingl and compared with that at=8K. indicating the calculated best fit with the propagation vector
Note the different positions of the magnetic lines and the verticak, =(0.258,0.273,0.750) and showing the positions of the corre-
marks indicating the calculated positions of the commensui#e  sponding reflections.
1/4,3/4 configuration.

examination of the relative intensities of the different mag-
TbD, in Refs. 2 and 5. The best fit to the data presented hergetic peaks seems to indicate a spin orientation aj@0d]
is anincommensuratesinusoidally modulated configuration, like in TbD,,>? confirming the earlier suggestién.

with a propagation vector Thus the transition between the two AF configurations in
DyD, seems to be relatively smooth as concerns their struc-
k,=(0.275,0.275,0.750 ture, though it remains energetically strong enough to give

rise to a first-order transformation due to competition be-

hand, the fit indicates that the low-temperature phase beIO\meen the two phases. The [atter is even more pronounced in

T, has practically locked into the commensurate configura: e case of TR .resultmg not_ only in h|gher v_alues _for
T, and T, and a wider overlap interval, but principally in a

tion, its wave vector being different propagation vectok;.(TbD,)~[1/8,1/8,3/4. The
k,=(0.258,0.273,0.750 estimated magnetic . moment on the Dy ion was
|| =(8.5=0.5)ug, which corresponds to that given in Ref.
Actually, the splitting visible on the magnetic peaks of the5, (3—4)ug, and to the Mssbauer results of Frieet al?
1.4 K spectrum in Fig. 2 is indicative of the small but sig- 3.8u5; it is strongly quenched from the free-ion value of
nificant difference between the and thek, components of 10ug by the cubic crystal field as had been discussed
kq, in contrast tok. earlier?
The smallness of the magnetic signéfsg. 4) precludes As a support for the above discussion, we show in Fig. 5
any precise quantitative analysis. Nevertheless, a qualitatiiew-field magnetization measurements of Dyjg, prepared
in the same manner as Dyk,. The results can be compared
; : with the susceptibility data of Ref. 11, confirming the tran-
DyD, 4 sitions near 5.5 and 3.5 K, but are yielding, in addition, a
thermal hysteresis arount, in agreement with the above

close to but not exactly alonfl/4,1/4,3/4. On the other
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FIG. 3. Temperature dependence of the intensities for the two
magnetic configurations taken with decreasifgl signs) and in- FIG. 5. Field-cooledFC) and field-heatedFH) dc magnetiza-
creasingopen signstemperature. Note the hysteresis and the overtions for DyH, oo as a function of temperature for an applied field

lap region between them. H=1 Oe.
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neutron data. This irreversible effect is, however, very small 00 ‘ ]
and should be taken with care. It appears on top of a much DyD, .
larger irreversibility showing up above 30 #vith maximum 1.6K-12K
amplitude near 60 Kbelow which the ZFC and the FC mag-
netizations yield quite different values. The IGwirevers-
ible behavior between the FC and the FH magnetizations in __
Fig. 5 is confirmed by the observation of hysteresis effects 2 1AV I ,
on the field dependence of the magnetizations at 2.5 K. The = o pish ik A1 e AT " TPkl it B ks Has, AN
absolute values of the magnetization given in Fig. 5 strongly § v r . !
depend on the 60 K irreversibility and possible kinetic ef-
fects and should not be taken as reference. 100 - i
The (partly simultaneoyspresence of two close AF con-
figurations explains the complexity of the earlier experimen-
tal observations, such as the unusual distribution with broad
lines in the M®sbauer spectra between 3.3 and tMore- 2000 " ” w© 20(deg) 60
over, the specific-heat results of Bieganski, Opyrchal, and
Drulis® and the recent resistivit)y and susceptibilit* data
clearly indicate two transitions: one a,=5-5.5 K, the
other atT;=3.3-3.4 K, the difficulty of an unambiguous
attribution being related to the overlap of the two existing(sro): it was only forx=0.2 that new magnetic ordering
configurations over a certain temperature range. In hindsightransitions began to be manifest following LRO in the octa-
we should like to recall theT>™ dependence of the pegral &) hydrogen sublattice. Furthermore, thig vibra-
pmad T) curve below 3K for DyH in Ref. 10, close to the  tional line shapes measured in the incoherent-inelastic-
expectedT* dependence of the resistivity in a “normal” neutron scattering experiments by Udovic, Rush, and
antiferromagnet? which flattens out at higheT in the in-  Andersor? for DyH, ;s can be interpreted in terms of an
commensurate region. orderedH, sublattice, in support of the above arguments.
The latter phenomenon is also the probable reason for the
B.x=0.135 appearance of magnetic LRO in Dyk} (x~0.2, in view of

As expected, the nuclear structure of Dy corre- DYHigs as their base signaled in the Mesbauer
sponds to a slightly contracted GaRttice as compared to €XPeriments.
the pure dihydride:

[3%3

100 b

I(a

FIG. 6. Difference spectrum of DyD;sbetween 1.6 and 12 K,
indicating the SRO structure nea®2=39°.

IV. CONCLUSIONS

ao(DyD, 139 =5.188816) A,
o DyD2139 418 High resolution neutron diffraction experiments per-

ay(DyD, 09 =5.193514) A, formed on two B-DyD,., compositions, withx=0 and
' 0.135, yield additional information with respect to the work
at T=10K, with a reliability factor ofRy=2.5%. These of Shakedet al® allowing the magnetic structure to be estab-
values can be related to the lattice constants of the corr@ished belowT,=5.0 K in the former specimen and the ab-
sponding hydrides measured at 96 K: sence of magnetic LRO down to 1.6 K in the latter. The main
results are as follows:
29(DyH,139=5.194 A, (i) The results for thex=0 specimen exhibit below
_ T,=5.0(2) K an incommensurate AF structure, sinusoidally
39(DyH;00=5.199 A, modulated with a propagation vectork,=(0.275,
at T=90K. 0.275,0.750 roughly along a[113] axis, which transforms
The difference between the neutron spectra taken at 12 Kelow ~3 K toward a more commensurate AF configuration
and at 1.6 K(Fig. 6) does not show any lines corresponding of k;=(0.258,0.273,0.750). The latter appears below
to LRO magnetic configurations; the only significant struc-T;=2.5-3.5 K, following a strongly hysteretic transition.
ture is a broad flat bump centered nea®-239°, which  Hence, generally speaking, it is interesting to note, consider-
disappears in the region 4—6 K. It can be attributed to SRONg that Dy is situated between Tb and Ho in the rare-earth
domains, with a correlation length estimated from its line-series, that the direction of the spin axis for DyiS closer to
width to £&~30 A. On the other hand, the absence of netthat of ThD, rather than to Hop as determined by Ref. 5.
magnetic reflections conforms with the negative observation©n the other hand, while the propagation vedtgrof the
by Shakedet al® in DyD, s the latter corresponding to commensurate AF phase is for both cases, Pyihd
x~0.10, in view of the actual composition Dyl for their ~ TbD,,? parallel to[1/4,1/4,3/4, that of the incommensurate
pure dideuteride. Similarly, susceptibility measurements omphasek,, is close to[1/4,1/4,3/4 in the case of DyD but
DyH, 4 (Ref. 8 and on the series of DyH, specimens in rather close t41/8,1/8,3/4 for ThD,.2
the interval 0.5x=<0.2 (Ref. 1) presented flat ill-defined (i) The x=0.135 sample lacks any LRO magnetism but
maxima between 6 and 10 K attributable to SRO. As for theexhibits a hump in the region@~39°, attributed to SRO
resistivity measurement§ the magnetic ordering maximum magnetic structures disappearing between 4 and 6 K.
seen at 3—4 K, fok=<0.05, disappeared for highgrvalues, Thus, after specifying the magnetic phase diagram of the
leaving just a minimum typical for magnetic fluctuations 8-DyH,,, system at low and at intermediatevalues, it
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seems highly desirable to clarify the situation for high termediate” AF configuration, is confirmed by the present
where new structures show up caused by different crystalesults for the caseR=Tb and Dy, allowing for a partial
field symmetries driven by hydrogen sublattice ordering. overlap of the two phases. It remains to specify the incom-
In a broader outlook, we should like to emphasize that thanensurate phases for the systems Kobhich seems to be
general picture proposed by Shaleidal® for the four heavy more complex than for the two formét,and ErD, and to
RH, hydrides R=Tb,Dy,Ho,Er), where a more commen- verify the existence of low-temperature commensurate mag-
surate AF structure is preceded by an incommensurate “innetism for the latter. Work along these lines is in progress.
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