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Magnetic structure of B-ErD,: Long-range and short-range order from
powder neutron diffraction
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Two parallel neutron powder diffraction investigations were performed on different specimens. gdtEHe
LLB (CEN, Saclay and at NIST for the determination of its magnetic structure. It comprises, below
Tn=2.23 K, two coexisting sinusoidally modulated antiferromagngai€) configurationsM’ and M”, with
the respective incommensurate propagation veckdrs(0.275,0.275,0.750together with its third harmonic
3k’, and k”=(0.120,0.120,0.750 Contrary to other heavy rare-earth dideuterides, no commensurate AF
configuration could be detected down to 120 mK. On the other hand, similar to earlier observations pn HoD
and TbD,, magnetic short-range ordé8RO shows up near 1.5 K in Erpafter the disappearance of certain
M” lines. This SRO seems to correlate with the hexaggrphase of the trideuteride and suggests an elec-
tronic phase separation with memory effects.
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I. INTRODUCTION based on the chemical lattice and, therefore, suggested

) ) ) ) . the simultaneous presence of both commensurate and
B-ErH, is the heaviest of the magnetically ordering cubicjncommensurate components. It was, thus, essential to pur-

rare-earth(R) dihydrides; TmH is a van Vleck paramagnet gye the NPD experiments pushing to still lower temperatures
with a nonmagnetic ground state and the atypicatho- iy the hope of separating the possibly coexisting and/or
rhombig YbH, is nonmagnetic because of the divalency of gyerlapping magnetic structures and to determine their con-
the Yb ion and its filled # shell. It is also the last where figyrations, similarly to what we had already done in refined
reliable qualitative and quantitative magnetic scattering datgyrm with ThD,,'* DyD,,'2 and HoD,.13 In what follows, we
down to the lowest temperatures have been lackiRgr a  are presenting NPD results obtained with two different
general review of the situation iR-H systems up to 1995 specimens of Erpand down to aT of 120 mK. We have
see, e.g., Ref. 1.Magnetic ordering in Erblwas first ob-  estaplished the simultaneous presence of two incommensu-
served by specific héaand Mdssbauérmeasurements at rate magnetic structures below 2.23 K and determined
2.1t0 2.3 K and attributed to antiferromagneti$AF). An  hejr configurations; no commensurate AF structure as sug-
ill-defined nonstoichiometric sample of Ejlgy exhibited a gested by Shakest al® could be detected above 120 mK.
was then extended to superstoichiometric systems througly 5 timesTy, is observed and compared with similar phe-
the whole B-phase range3-ErH,, up to its limit of  phomena in T (Ref. 1) and HoD, (Ref. 13. Its signifi-

Xmax=0.09(Refs. 1 and § by susceptibilit§ and resistivity  cance is discussed in the context of possible electronic phase
measurements showing the striking influence of the excesseparation.

(x) H atoms on octahedr&aD) sites—the two other H atoms
filling ideally the two tetrahedra(T) sites of the Cajtype
cell—and explaining in part the variationsTq, of the earlier
results. (The latter work had also revealed metal- Two sets of powder specimens were prepared for the work
semiconductor transitions, fot-rich specimens, driven by at LLB Saclay on the one hand and at NIST on the other
H-sublattice order/disorder phenomenkinally, the excita- hand. The former used Er of 99.9% metallic purity as starting
tions due to the crystal electric field were studied by inelastianaterial, the latter had purer, 99.99% Er as basis. The load-
neutron scatterirfgand its influence upon the spin-disorder ing procedure was identical in both cases and has been de-
resistivity in the paramagneti¢PM) state by electrical scribed earlier, for example, in Ref. 7, absorption of a cali-
measurements. brated volume of B at 600 °C-650 °C to fill the available
The magnetic structure of Eplvas investigated, together T-sites, with subsequent pumping off eventual exdesste
with an exploratory series of other heaRydideuterides, ina atoms at 400C—450 °C. The final LLB sample corre-
neutron-powder diffractiofNPD) study down to 1.5 K by sponded to a composition of E{lg; and contained—as will
Shakedet al® They confirmed the transition a=2.15 K  be seen later—several % of Br;; the NIST sample was
and attempted to determine the magnetic configurationgrD; gq
present. Contrary to three other investigated systdDs, The neutron diffraction was performed at LL(Baclay at
with R=Th, Dy, and Ho, they had not been able to fit thethe cold neutron guide of the Orphée readtspectrometer
low-temperature spectra of EgDwith a unique structure G4.1) employing a wavelength ok=2.425 A and taking

II. EXPERIMENT
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spectra for 820 <88 deg in 0.1 deg steps, in tlerange Figure 1 presents the NPD spectrum of the LLB sample

1.4 to 5 K. At NIST, we had used a (311) monochromator at T=5 K, well above the PM-AF transition temperature
at a wavelengtihn=1.540 A, covering a spectral range of of ~2.2 K. The exhibited nuclear reflections were fitted
3=<20 =168 deg, taking steps of 0.05 deg and working be-with two chemical unit cells, the matching ticks and
tween 0.120 and 3.5 K. The data were analyzed and refinetthe difference spectra in the lower part of Fig. 1 indicating
using the Fullprof prografi at LLB and the GSAS satisfactory qualitative agreement. We had used, for

program® at NIST. ErD,, a Cak-type (Fm3m) unit cell, with a cell parameter
of a(ErD,)=5.1161) A, vyielding a reliability factor

IIl. RESULTS RN(ErD,)=2.93%. The oxide reflections were fitted by
. pattern matching, employing the cubic ,Dk-type (1a3)
A. Nuclear reflections cell, with a parameter of(Er,03)=10.5533) A. Already

The results of the two experiments at LLB and atnow we wish to draw attention towards the broad SRO
NIST were identical as concerns the observed EfliDe  peak visible around@=20 deg and to which we shall come
positions on the diffraction spectra when taking into accounback later.
the difference in wavelengths. However, as mentioned
in Sec. Il, it was discovered that the LLB sample contained . .
between 5% and 10% of the oxide ,Bg (probably B. Magnetic reflections
formed during the preparatipnwhich had to be taken Figure 2 shows again a spectrum of the LLB sample, this
care of in the analysis. No oxide lines were visible on thetime at the lowest temperature takéi1.42 K. The accu-

NIST spectra. mulated intensity(low backgroundl and the large neutron
L B B L L R A
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+
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. FIG. 2. NPD spectrum at 1.42 K of the LLB
| ErD, specimen exhibiting the nuclear and mag-

netic reflections of ErRg; and EpO5. The ticks
represent the calculated reflections of the follow-
ing contributions(in decreasing ordgr ErD,(N),
Il I (N i I e nn ol Er,O3(N+M), ErD,(M’), ErDy(3M’), ErD,(M”)
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magnetic reflections as the LLB sample of Fig. 2
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wavelength permit a clear separation of the nuclear and The crucial experiment performed at NIST with another
the magnetic lines and the corresponding matching. Th&rD, specimen down to 120 mK did not show any additional
five series of ticks indicate the nuclear and the magnetidines nor any significant line shift to represent a commensu-
(Bragg reflections of the erbium dideuteride and therate structure. Figure 3 shows the spectra of the NIST
erbium oxide. The magnetic structure oh,8g was obtained sample in the paramagnetic region, at 3.5 K, and that at
by profile matching and corresponds nicely to thethe lowest temperature takef=120 mK, selected in an

noncollinear AF as determined by Mooat al;'® we  angular region such as to be directly comparable to the
shall only consider its contribution to the magnetic intensityinteresting range of the LLB spectrum of Fig. 2. Thus,
and shall show the temperature dependence further on iErD2 seems to defend its special position in the group

Fig. 4 . . . . of the heavyRD,’s by refusing to transform its incommen-
The magnetic structure of the erbium dideuteride was besfurate magnetism into a commensurate one even as low
fitted as consisting of two coexisting configurations. as 120 mK.
(1) A sinusoidally modulated ARV, with a propagation Figure 4 exhibits the temperature dependence of selected

vector k’=(0.275,0.275,0.750 which is close to a com- magnetic reflections, the@®~ 23 deg line representing the
mensurate configuration witk=1/4(113), with a fourfold most intensive magneti¢113 peak for.ErQ (M ) anq
larger unit cell than the nuclear matrix. It also contains it52h® ~2%3 dig éoé E50|_3, of t?eNLlléI:%r experlmengl_zlg. 4(a)],h
third harmonic, 3V’, squaring up with the propagation vec- the ~14.00deg liné o (corresponding to the

' o 20 ~ 23 deg line of LLB down to the lowesT [Fig. 4(b)].
tor 3k’=(0.825,0.825,0.750 the reliability factor was - ) .
R —160/(5 » bty W We note a final approach towards saturation at 120 mK, with
M/ - .

an absolute value for the Er moment, calculated taking into
. e . account the contributions of thd”-line intensity and that of
%?gzjlnlavector k”=(0.120,0.120,0.750 i.e., close to the SRO, aM=(5.5 to Hug; close to that observed in the
' oxide ExO; by Moonet al® The Néel temperature of EgD

ConfigurationM’ corresponds to the higher-temperature,is Ty=2.231) K, for the LLB specimen, slightly bigger
intermediate structure, postulated by Shaledall® and than that of NIST, Ty=2.011) K, which could indicate
indeed observed and determined by two of the authors aminor traces of octahedraf-atoms (less than 1%in the
this paper in DyD (Ref. 12 and HoD, (Ref. 13 but notin  latter; Ty was shown before to be quite sensitive to the
TbhD,. On the other hand, the second configuratiMi,  stoichiometry of the sampleAn attempt to fit the data in the
resembles that of the intermediate structure in TbD form of M« (1-T/Ty)? was not very satisfactory and de-
determined in Ref. 11 as close to 1186, namely pended on thd@-range used; the obtained critical exponent
k=(0.123,0.137,0.754 Neither of those, however, corre- 8=0.2 to 0.4 was closer to the 1/3 of a 3D Ising model than
sponded to the searched for configuration which wouldo the 1/2 of the mean field one. The data concerning the
be really commensuratevith the quadruple of the chemical interesting structural and magnetic results have been col-
cell (0.250, 0.250, 0.750We had hoped to see it when going lected in Table I. The ordering temperature of the oxide,
to even lower temperatures, to justify the appellationTy(Er,03)=3.51) K, is in agreement with that determined
intermediate, such as was the case with TijRef. 1) and by Moonet al1to 3.4 K.
HoD,.!3 For DyD,,!? the intermediate configuration was fol-

(2) Another sinusoidally modulated A", with a propa-

lowed by another at loweF, which was closer to 1/413 C. Magnetic SRO
but not quite commensurate yet, nameg)§.258, 0.273, As already noted above the spectrum in Fig. 1 contained a
0.750. broad SRO structure neaf2- 20 deg at a temperature well
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T trum at 1.4 K. The analysis of the peak width gave a corre-
lation length &, varying with increasing temperature from
OOOOOO ’ 50 to 30 A, up toT~10 K, which is more than four times
200 |- 00 - Th!
° Ooooooo The situation is strikingly reminiscent of the observations
i ” - > Y = » - " made earlier on the system HeD (Ref. 13 v_vhere _
(a) T(K) two SRO peaks had shown up, for the pure dideuteride
T (x=0), after the disappearance of the IGweommensurate
E 3 phase aboveT; (erroneously calledT, in Ref. 13
3 and roughly on the same positions; in the case of the
ErD, ] superstoichiometric Hop,, specimen, the same but
much more intense SRO peaks appeared immediately at the
j lowestT.
{ We have reconsidered the situation in view of the
: H{{ ] newly obtained results on EpDand have retreated the
s00 b { E temperature dependences of Ho[Ref. 13 and also of
C f ] ThD, from Ref. 11 in the interesting range arourg,
I ] corresponding toT, in these papers. When doing this
. one notes the striking resemblance, mentioned above, be-
I ] tween the spectra in Fig. 5 and those of the above systems,
IIIE I1 I i i % not only as concerns the positions of the SRO peaks but also
C 1 | | | . Il :I- ] their widths—giving correlation length&, decreasing from
O s 1 15 2 25 3 35 55t030A with increasing temperature—and even their
(b) T(K) asymmetric shape; the existence range of SRO in Hoés
determined to be betweem;~3to 4 K and 40 to 45 K,
FIG. 4. Temperature dependence of the integrated intensitiemore than six timesTy~7 K. For ThD, the peaks
of several magnetic lines(@ the (113 20~23 deg line for were broader but at the same positions and the existence
ErD, (filled circles and the B®~33deg line for EsO3;  range shifted to highes like all the other magnetic
(empty circles, of the LLB experiment between 1.4 and 4 K1)  manifestations(see Ref. 1} the correlation lengths are

the 20=14.6 deg line from the NIST experimefworresponding to £ =20 to 15 A betwee; ~16 K and>50K, three times
the 20 ~23 deg line of the LLB between 0.12 and 3.5 K. its Ty of 19 K.
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aboveTy. We decided to explore this somewhat closer in a

wide temperature range, a selected view of which is pre- IV. DISCUSSION
sented in Fig. 5. Here, we have chosen to represent the spec-
tra as a function of the wave vect@=20/X\, to be able to

plot the results of both experiments, LLB and NIST, on the It has already been noted.g., Refs. 10 and 13hat great
same graph, for immediate comparison. A clear bump is visdualitative similaritiegbut also differencgsexisted between

ible atQ~0.95 A% after the disappearance of the magneticthe four heavyR dihydrides(dideuterides with R=Tb, Dy,
lines belonging to the configuratiorM’ (mainly at HO, and Er, in that they all presented sinusoidally modulated

Q=0.95 A%); the separation fronM” is less evident, the configurations with commensurate or incommensurate

latter seems rather to transform to SRO around 2 K. A secPropagation vectors of the formk=(¢,,,,1-) or

ond smaller but still distinct asymmetric bump exists at({,.¢,,1-2), such as 1/@13 and 1/8116). [GdH(D), is
Q~1.55 AL, also apparently transforming around 2 K from sinusoidally modulated AF of the MnO-type with
the complex peak containinyl’” and M” lines. The NIST k=1/2(111) (see Ref. 1ywhich can, formally, also be rep-
sample(presented as uppermost spectrum in Figd&es not ~ resented by({,,{,,1-{) but rather belongs, together with
exhibit any SRO at the lowest temperature of 120 mK, butCeD,, PrD,, and SmD, to the group of the lighRH(D),

does so at 3.5 Ksee Fig. 3, in the same respective spectral systems,

region. A comparison with this 120 mK spectrum permits, on  This was recognized in theoretical work by Euwho

the other hand, to note an indication for the presence of Aad connected the appearance of the above configurations
weak SRO background already in the low&stLlB spec- with special features of Fermi-surface nesting and

A. Magnetic structures
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5 3700 | FIG. 5. NPD spectra of the
E LLB ErD, specimen at various
E 2800 temperatures between 1.4 and
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reproduced part of the experimental observations sucl-dihydride lattice of the matrix but only when using the
as the lowT commensurate structures. But neither thehexagonaly-trihydride cell and its parameters. It was sug-
presence of coexisting or overlapping second intermediatgested in Ref. 13 that we were facing here a kind of memory
structures nor their eventual incommensuracy have beeeffect such as observed in martensitic transformations, the
predicted by theory and are most probably related to thenore so as there exists an orientation relationship between
frustrating interference of the RKKY polarization exchangethe fcc B-phase and the hcpy-phase in the form
interaction and the crystal electric field. [110]//[11-2Q and (111)//(0001), with the parameters
On the other hand, a formal analysisga a group- a(fcc)/ /2=a(hcp.
theoretical approach towards the symmetry of magnetically It was, therefore, quite encouraging that, in the meantime,
ordering crystals could be attempted, such as for exampl@xperiments on switchable mirrors in the system_L¥,H,
discussed by Izyumoet al!® There, the authors treat certain performed by van Gogtet al2° permitted to detect the
modulated phases as possible deviations from a Lifshitz stgsresence ofy-YH3 nuclei in 8-YH, and vice versa which
with wave vectork, (by itself corresponding to a special could be considered as the origin of the strong hysteresis
point in the Brillouin zone and, thus, in the Fermi surfade  effects observed in their films. In addition, this could also
the form k=Kky+dk, which can be applied in our cases to be the basic mechanism for the electronic phase transforma-
yield tion (phas_e separationw_h@ch gxists in the forr_n _of
(i) for M’ k’=(0.275,0.275,0.756¢ 1/4113 metal-semiconductor transitions in several superstoichiomet-

+1/40110 where ko=1/4(113 and ok=u(110 with ric R-dihydrides near the phase boundargnd, more
0 generally, serves to explain the colossal magnetoresistance

pu=1/40; effects in some ma i [
- " . gnetic oxidésIn the present case of
B 1g'/)1;°r1 10 Mh’ kk__l(/o'llzlg’o'lioég'za@ﬁg‘(ll.t‘a the magnetidR-hydrides, we apparently observe competing
- 13/0500_) where ko=1/4(113 an =n(110 wi magnetic orderings in th@-phase(producing SRQ®, with
M= 1

the formation of large locaR-momentgvarying from site to
The observed deviations from the Lifshitz star Site in size and orientation but correlated over tens of
ko=1/4(113), expressed in the form(110), would then rep- angstroms and concomitant crystal field anisotropy. The
resent a quantitative description of the interfering RKKY in- latter would then be responsible for the described memory
teraction. effects.
Finally, we wish to mention in this context—and support-
) ing the above ideas—that preliminary results obtained
B. Magnetic SRO by the authors at NIST on a-ErD; powder specimen
The magnetic SRO associated with the spectra in Figindicate an asymmetric magnetic SRO structure in the
5 for ErD, as well as with those of Tbp(Ref. 1)  spectral range in question, which disappeargt590 mK,
and HoD,!3 had also been observed in Ref. 13 for thecorresponding nicely to that estimated by Flodg~ 0.6 K,
superstoichiometrica-HoD, ;»—but with bigger intensity, from saturation- magnetization measureméts.
which had allowed to detect a third SRO structure at higher
angles (near Q~2.9 A and, consequently, to attempt
their analysis. We were surprised, at that time, not to be We have determined the magnetic structure of ErD
able to fit the three magnetic peaks within the cubicand established that it contains, beldly=2.23 K, two

V. CONCLUSIONS
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coexisting sinusoidally modulated AF configurations commensurate AF configuration could be detected down to
incommensurate with the chemical lattice, which can bel20 mK.
represented by Magnetic SRO appears in EgDaround 1.5 K near
Q~0.95 A1 and 1.55 A and is present up te-10 K. It
(1) M’:k’=(0.275,0.275,0.756:1/4(113 +1/40110) seems to trans_form out of certaif’ Iine_s; and is comparable
and its third harmonic B’ with (0.825,0.825,0.750 to the magnetic SRO’s observed earlier in Hadhd ThD,,

=3/4(111) +3/40110): where it had shown up after the vanishing of the [Gwom-
%) ' mensurate phases ai. The correlation of this SRO ob-
M":k”=(0.120,0.120,0.756 1/4(113 - 13/10a110) served in the cubig-phase to the parameters of the hexago-

nal y-phase suggests an electronic phase separation with
Contrary to expectancy and to other he®&sdideuterides, no memory effects.
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