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Hydrogen and the magnetic interlayer exchange coupling: Variable magnetic interlayer
correlation in Ho/Y (00.1) superlattices
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We report on the influence of deuterium on the magnetic properties and the interlayer exchange coupling in
superlattices incorporating the magnetic rare earth holmium. By neutron reflectivity and diffraction we inves-
tigate the effect of deuterium on the properties HOQ.1) superlattices. We find that deuterium up-take
occurs with strong preference in the yttrium layers. Via magnetic neutron scattering we establish that for this
model rare earth system the interlayer coupling can be effectively suppressed through the introduction of
deuterium. The gradual loss of the long-range coherence of the magnetic order mediated by the nonmagnetic
yttrium layers is discussed in terms of partial interlayer correlation. In a second (86/ superlattice,
composed of ultrathin holmium films, deuterium is an effective agent to vary the total exchange energy of the
system and finite size effects on the ordering temperafgrare observed.
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I. INTRODUCTION =131.5 K.(In the literature the critical temperature of a mag-

The effect of magnetic interlayer exchange couplingnetic System with vanishing spontaneous magnetization such
(IEC) was discovered in 1986 in Fe/Cr multilaykend has as holmium is often called the Néel temperature and denoted
since been studied in much detail and in many systems. Mory Ty). The spin helix consists of ferromagnetically ordered
recently, in 1997, it was found that in ferromagnetic/ moments in the hexagonal basal plane and a turn amgle
paramagnetic superlattices the amplitude and the sign of thigetween the magnetization vector from one plane to the next.
interlayer exchange coupling can be varied in a continuoughe reciprocal lattice vector of the spiralT) and the turn
way if the nonmagnetic mterlayers, which mediate the CoUungle are related viay,, =7, wherer is given in recipro-
pling, dissolve hydrogen. This has been demonstrated fOéal lattice units of the axis. The helical magnetic structure

Fe/NbH, (Ref. 2 as well as for Fe/ViJ (Ref. 3, where a is preserved throughout the phase but with increasing H

sign reversal of the interlayer coupling constdhtcan be trati he Néel d ith f
achieved for specific hydrogen concentrations. As we willconcentration the Neel temperature drops with a rate o

establish in this paper for the Ho(80.1) system, the more ~1 K per atomic percent of hydrogen and the turn-angle
complex interlayer exchange coupling in rare edRE) su- sllg_htly decreasg%.‘l’he dihydride phase exh|b|t§ a complex

perlattices can also be tuned with hydrogen. However, sinc@ntiferromagnetic structure below about 5 K with a reduced
hydrogen may enter both the magnetic and the nonmagnetiagnetic moment,whereas the trihydride phase shows no
layers, more caution is appropriate for interpreting the reimagnetic order.

sults. Because of the high solubility of yttrium for hydrogen,

It is well known that yttrium and the rare earth metal Ho/Y superlattices offer a model system for investigating
holmium readily take up hydrogehin these metals, the in- potential switchable interlayer coupling in a rare earth sys-
troduction of hydrogen leads to the formation of three phasetem. Also, Ho/Y superlattices have been studied extensively
with different crystal structurega) the hexagonak phase at in the past. It has been found that an interlayer exchange
low hydrogen concentrations. In this phase, the hydrogeoupling between adjacent Ho layers is mediated by the non-
behaves like a lattice gas, expanding the host lattice withouthagnetic yttrium, leading to a coherent propagation of the
changing its symmetry. Below170 K, the hydrogen orders, holmium magnetic spiral through the yttrium interlayérs.
forming the o’ phase while retaining the host metal's Such interlayer coupling across Y has also been reported for
hexagonal-close-packed crystal structufi®. The cubicg  Dy/Y (Ref. 9, Er/Y (Ref. 10, and Gd/Y(Ref. 11. Both a
phase at the stoichiometric dihydride composition REH model based on a scalar Ruderman-Kittel-Kasuya-Yosida
with a tetrahedral occupancy of the interstitial sites; ér)d  interactiort? and the stabilization of a helical spin density
the hexagonal phase near to the trihydride REHA coex-  wave in the Y conduction electrohbave been proposed as
istence of different phases is observed over rather large comwoupling mechanisms. From an experimental point of view,
centration regions: in yttrium, fax between 0.2 and 1.8, the Ho/Y superlattices are highly suitable for magnetic neutron
« and B phases coexist, and between 2.2 and 1.7 3laad  scattering studies because the high atomic moment of Ho of
v phases coexist. Hydrogen in yttrium films has been used=10ug and the incommensurate helical magnetic structure
for optical switching between the metallic ¥tand the trans-  give rise to intense magnetic peakspeaks at low g values,
parent YH; phase signaling a metal-semiconductor transwhereq denotes the momentum transfer normal to the super-
ition.5 lattice stack. Furthermore, the very good growth properties

The long-period antiferromagnet holmium exhibits an in-achieved in sample preparation via molecular beam epitaxy
commensurate spin helix below the critical temperatiize, (MBE) are well established.
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Il. EXPERIMENT 10°

n
Two superlattices were grown by MBE: [&d0,,/Y ;7] 4 i

X 30 superlattice with “thick” holmium films, and a 107

[Ho11/Y 53] X 30 superlattice with “thin” holmium layers. 10°

The subscripts denote the thicknesses of the holmium !‘

films, dyo, and the yttrium filmsdy, respectively, expressed 10° r

in number of atomic planegViL) per bilayer. The samples E

were prepared in a standard fastHibon Al,05(1120) sub- 2 10! -

strates using a Nb/Y buffer system. The superlattices ‘%

were capped with Y/Nb/Pd to ensure symmetric inter- g 10° f

faces for the Ho blocks. The epitaxial relationships are ]

110 ALO3lI110NKI00.1 Y, Ho. The Pd cap layer serves both % 10°f

as a protection against oxidation and as catalyst for the hy- P4 F

drogen uptake. The rms-roughness, i.e., the interdiffusion re- 107 3

gion at the Ho/Y interface, is 2—3 ML. . i
The neutron experiments were carried out using the 107 f

ADAM reflectometet*1® at the Institut Laue-Langevin, Sf

Grenoble. Scans were taken with an unpolarized beam of a 107 F

fixed wavelengthA=4.41 A. In order to permit arn-situ wof

loading of the sample, a close-cycle refrigeratSPLEX) 10 3

was equipped with a sample container, which, in turn, was ot ) | ) ] )

connected to an outside loading station by a capillary. For 1o 000 002 004 006 008 010 012

experimental reasons that will be discussed below the 1

hydrogen-isotope deuterium was used in the experiment. The q (A )

deuterium content in the sample was varied by exposing o ) )
the sample to increasing partial pressures of deuterium for FIG. 1. Specular reflectivity curves taken with an unpolarized
a given time and at room temperature. The deuterium atmdleutron beam for different deuterium concentrations. Normalized
sphere was then removed and the sample cooled to 130 jeflected intensities are plotted vs momentum transfer.

and below. The different loading states of the samples real-

ized in this work are denoted state I-IV. A temperature range , . ) ,
of 10-400 K was accessible during the experiment. In thd"9 deuterium pressure the superlattice peak first vanishes

magnetic scattering experiments, specular and off-speculdfurve B, then reappears at further elevated deuterium con-
data were collected simultaneously by using a multiwiretents, as can be seen in curves C an@Also, the oscillation

®He position-sensitive detector with an active surface offfom the Nb layer can no longer be clearly discerned. Rather,
190x 190 mnf. oscillations of a shorter period are seen which are mainly

governed by the Y film of the buffer. This change of contrast
arises from the incorporation of deuterium in the layers of
Ill. RESULTS AND DISCUSSION the buffer and cap systems.

We shall focus on the evolution of the first superlattice
peak which monitors contrast changes between the layers
1. Neutron reflectivity that compose the superlattice structure. Table | lists the val-
ues for the scattering length densities for yttrium, holmium,
t@nd the scattering lengthfor deuterium. In a neutron reflec-
tivity experiment, the intensity of the first superlattice peak,

A. The Ho,,/Y 17 superlattice

Loading Ho/Y superlattices with deuteriu®) instead
of hydrogen offers the advantage of adding a positive sca
tering length. From neutron reflectivity data it is then pos-"""7 >’
sible to decide the preferential occupation of deuterium inll’ is given by
one of the sublattices. Due to the considerable cross section
of deuterium for neutrons, the scattering length density pro- . _ ,
file in the sample strongly depends on the D concentration TABLE |. Particle densityn, coherent scattering length and
within the different layers. In Fig. 1 neutron reflectivity e resulting scattering length densiyfor holmium and yttrium.

curves for the pristine superlatti¢eurve A) and the super- g’iltt\é?:ﬁfns are bulk valuesAlso given is the scattering length of
lattice loaded at three increasing deuterium concentrations i

are plotted(curves B-D. Several qualitative but important

n Peon p=nbeop

features are immediately noticeable from the data: For the (102A-3) (10°5A) (105 A-2)
virgin sample, a superlattice peak corresponding to the Ho/Y

bilayer period is clearly observablegt0.05 AL Also seen Holmium 3.212 8.01 2.573
are rather distinct oscillations in the reflectivity curve which Yttrium 3.029 7.75 2.347
arise from the approximately 400-A-thick Nb film of the Deuterium 6.67

buffer system which shall not interest us here. With increas-
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T (a) Statel trium layers can then be estimated from solving the condition
for matching scattering length densities
] Pro=p" (2)
Ho/Y |Ho Y | HO| Y | HO
> n
(b) StateII bro= —(by +Xbp),
Nho

where p" denotes the scattering length density of the,YD
layers in staten, and it follows for state Il thax=11 at. %. It

Ho |YD| Ho | YD| Ho |YD| Ho should be noted that using E@®) implies that changes in the
T(c) StateIII lattice constant, i.e., in the particle densityare negligible
compared to the deuterium-induced changes of the mean
scattering lengthby +xbp. That this is indeed the case is
seen in Fig. 1 where strong changes in the intensity but not
Ho | YD | Ho | YD| Ho YD Ho the position of the first superlattice peak are observed. For a
(d) State IV similar study of the deuterium profile in a metallic superlat-

1 1 ] tice see, e.g., Ref. 16.

The observed value ok corresponds to thex'-YD,
phase. When the deuterium content in the sample is in-
Ho YD| Ho |YD| Ho | YD| Ho creased by exposure to an increased deuterium atmosphere,
Z= intensity in the superlattice peak—and thus contrast between

the Ho and the YD films—is recovered. The scattering

FIG. 2. Representation of the superlattice in terms of the scatlength density in the YDbecomes larger than that of Ho, as
tering length density(a) For the pristine sample, contrast arises depicted in Fig. &). For the sample in state Ill, we can
from the higher scattering length density of holmigas compared estimate the deuterium concentration by comparing the in-
to yttrium), (b) matching of the scattering density after exposure oftensities of the superlattice peak for the pristine San’iﬂile,
the sample to deuteriuntc) and (d) contrast is recovered as the and the sample in state IIII!'. From the reflectivity data and
scattering length density of the YIayers becomes larger than that using Eq.(1) we obtain
of holmium. Depicted profiles correspond to the four reflectivity

scattering length density

curves shown in Fig. 1, respectively. i - § — |AP|2 3)
wl 77 |Ap"P
2
1o [Apl*. (1) and with the previously determined value fap'=0.226
X 107%A2

Ap denotes the optical contrast, i.e., the difference in scatter-

ing Iengt_h density between the two materi_als_ composing the Ap" =~ \(0.226 £2)2 x %: 0.211x 10%A2. (4
superlattice structure. In the case of the pristine Ho/Y super-

lattice (statel, x=0): With the ansatz

1 —
Ap' = pro— py = 0.226X 108 A2> 0. PHot AP = pym, (5)

In Fig. 2@ we have given a schematic representation of the%tzeséﬁgﬁﬁné?:%g Igvtglﬁ ;{gglﬂ layers of the sample loaded

profile of the pristine Ho/Y superlattice in terms of the scat-

tering length density. Upon exposure to a deuterium atmo- Pro + Ap"

sphere, deuterium enters the superlattice and changes the ef- Ny et

fective scattering length density of the host metal. Returning X= TN =22 at.%. (6)
D

to the reflectivity data, the loss of contrast observed in curve
B can only arise from a matching of the scattering length  Analogously, one obtains for state IV, with
densities in the Ho and Y layers. Therefore, as the scattering | 2
length density of Ho is higher than that of (d¢nd by posi- I - 8 - |Ap]
tive), the deuterium uptake has to occur primarily in the yt- 1Y 126 |ApV|?
trium layers. Further we shall make the assumption that th

deuterium uptake occuiglmos) exclusively in the yttrium
and tha_t only a neg_ligible amount of _deufterium enters the ApVY =~ \/(0.226 K22 % %ez 0.9% 108472, (8)
magnetic holmium films, as depicted in Figb2 This as-

sumption is reasonable because of the higher solubility of Yand for the deuterium content in the YlIayers

than Ho for deuterium but will also receive further justifica-

()

?or the difference in the scattering length density

. ) . +ApV
tion later when the magnetic properties of the deuterated M—bY
Ho/Y superlattices are discussed. In state Il, the superlattice _ Ny _ o
s s g X= =56 at.%. (9
peak vanishes and the deuterium concentratian the yt- bp
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-25

q, A

x107 qx (A-1)

FIG. 3. (Color onlineg The magneti¢00r) diffraction peaks of the pristine He'Y 17 superlattice taken at temperatures between 10 and
115 K.[No intensity was observed in a scan at 120 K. See Rig.fér spectra taken at 10 and 120.KScattering intensity is plotted as a
function of momentum transfer perpendicular and parallel to the sample nagpehd g,, respectively(The slight shift of the intensity
maps ingy arises from a—frequently observed—tilt of the atomic planes, which are seen in these diffraction patterns, with respect to the
physical surface that is seen in a reflectivity experiment. Therefore, an alignment that was perfect for the curves shown in Fig. 1 leads to a
small shift here.

Returning to the reflectivity curves shown in Fig. 1, it can 2. Magnetic neutron scattering
be seen that the introduction of deuterium not only changes
the intensity of the superlattice peak but also has a strong We now turn to the discussion of the magnetic scattering
influence on the overall shape of the curve. This arises fronflata that were obtained from the pristine superlaitst®wn
the rather complicated architecture of the sample: as merd Fig. 3) and the sample in state I[hown in Fig. 5.
tioned earlier, the superlattice was prepared on a Nb/Y We recall that in arfelastig scattering experiment from a
buffer system and capped with Y/Nb/Pd. All these layerscrystal the intensityl(q) observed as a function of momen-
also take up deuterium so that the scattering length densitigm transferg is given by
profile of the entire sample changes with deuterium loading.
In our analysis, we focus on the profile of the superlattice
Eteaa(ltllz by investigating the evolution of the first superlattice I(q) = |Acrysta‘2: ’2 f(heRid

In summary, by means of neutron reflectivity measure-
ments, we determined that after exposing HEO®.1) super-
lattices to a deuterium atmosphere the deuterium preferenwheref(l) denotes the scattering amplitude éRdthe posi-
tially occupies interstitial sites in the nonmagnetic yttriumtion of Ith atom, and the sum is over all atoms of the crystal.
layers. This is important as the focus of this work is varyingln a scattering experiment on thin film systems such as su-
the interlayer coupling mediated by the yttrium layers, ratheiperlattices, the scattering problem becomes one-dimensional
than the properties of the magnetic holmium films. Also, onand the scattering amplitud&in Eq. (10) can be expressed
the assumption that deuterium is incorporated exclusively iras a sum over atomic planes. Because a superlattice is a
the yttrium layers, an estimate for the deuterium concenperiodic stack of bilayers with perios, the structure fac-
tration x could be given. This assumption will be further tor can be written as the product of the structure factor of one
rationalized in the following discussion of the magnetic bilayer, where the sum is over all planes in the bilayer, and
properties of deuterate@nd pristing Ho/Y(00.1) superlat- the superlattice structure factor, where the sum is over all
tices. (coherently  scattering bilayers in the sample:

2

(10
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Ngp Npp-1 2 1.0
I(q) = (E eimq}\SL)( E f(n)eiqz") . 0.8.- (a)
m=1 n=0 0.6 -
Asr, 4pL 04 5
(1) 02|
In a neutron scattering experiment on thin single holmium 0.0 10

films!” the helimagnetic structure gives rise to purely mag- 120 K~

netic peaks. As the magnetic moment in the holmium planes
is rotated by the turn angle,, from one basal plane to the
next, an incoming neutron with a random orientation of its
spin will interact with a periodically modulated scattering
potential. If we regard a single bilayer of the Ha/00.1)

Intensity (arb. units)
¥

superlattice, the scattered intendlitis given by 4 |
1(q) < [Ag,|? (12 3T
N N 2
- 2 fnmagemaHoelznq , (13) L
n 1
wheren sums over all atomic planes in one bilayer and the 0
origin n=0 is placed in the center of the Ho film. The quan- S . . . L
tities f* and z, denote the magnetic form factor and the 0.10 015 020 025 030 035 040
position of thenth plane, respectively. The tergf'*+o de- Y]
scribes the cyclic modulation df'® Only for the magnetic - o
layers does the factdi™@take on a finite value, in the non- FIG. 4. (a) Specular diffraction pattern at 10 K for the pristine

magnetic yttrium filmsf ™9 s zero. sample(open symbolsand a fit to the data based on E#4) with

In the present work, we address the question of how thézo'ﬁ (solid line). The envelop(dashed ling corresponds to the
interlayer exchange coupling mediated by the yttrium films diffraction pattern expected for a stack of uncorrelated Ho films
and thus the magnetic interlayer correlation, is affected b, «x=0). (b) Spectra calculated for fractional correlation coefficients

. - . . . etween 0.6 and 0 to visualize the gradual transition from a highly
the incorporation of deuterium. To analyze the diffraction . . .
: . correlated magnetic structure to a system where interlayer coupling,
spectra we use an analytical expression

i.e., correlation, between adjacent Ho films is suppressed.
1-«°
1 -2k codgrgy) + K2

I(q) o |Ag, ? (14) satellite peaks. The pristinex=0) sample and the sample
with maximum deuterium content were investigated in the
as advocated, e.g., in by Giebultowiez al. in Ref. 18 and temperature range 10-120 K. In Fig. 3 the diffraction spec-
discussed in more detail by Keps al. in Ref. 19, in which  tra measured between 10 and 115 K are plotted as a function
the authors examine the interlayer correlation in magnetiof momentum transfer perpendiculay, and parallelg,, to
semiconductor superlattices. In this analysis, the magnetithe sample surface. For a sample temperature of 120 K, no
layers, in our case the holmium films, are not taken to be irmagnetic signal was observed, and we determine from the
a single-domain state with a completely uniform spin structemperature dependence of the data the temperature at which
ture. Rather, we assume that each holmium layer consists tifie magnetic signal vanishef=1182) K. Figure 3 shows
a large number of magnetic domains. The degree of correlghat the magnetic structure in the pristine sample gives rise to
tion between the magnetic structures in two adjacent holsharp satellite peaks. This is unambiguous evidence that the
mium films can be quantified by the fracti@hof correlated sample displaysthe expectedinterlayer coupling and that
domains in two adjacent layers. F®¥— 1, the systems be- there is a long-range coherence of the holmium spin structure
come perfectly correlated, while f@ <1 correlation is only  that is mediated by the yttrium interlayers. For a more quan-
partial. ForP=0 there is no correlation at all, i.e., no inter- titative analysis, we turn to the specular diffraction pattern
layer coupling. The parameterin Eq. (14) is the fractional obtained for the sample at 10 K as shown by the open sym-
correlation coefficient, defined ag=2P-1. It should be bolsin Fig. 4. The solid line represents a fit to the data points
noted that the second term in E34) is constructed in such based on the analytical expression Etg) with |Ag, |? cal-
a way that perfect correlatiom,— 1, represents the limiting culated according to Eq13). From the fit we obtain a Ho
case for which all domains are correlated and also the nunturn angle ofa,=41° and a relative correlation coefficient
ber of planes in the sample is infinite. Due to experi-of k=0.6 withd,,=27 ML anddy, =17 ML. In order to dem-
mental resolution and the finite thickness of the samplepnstrate the effect of a gradual reduction of the fractional
scattering experiments will always yield values ofwell  correlation, in Fig. 4b), simulated curves are shown in
below 1. which « takes on values between 0.6 and 0. ke0, the
Using an unpolarized neutron beam, we performeccase of complete decoupling is realized and the diffraction
temperature-dependent measurements of the magnétic) pattern is given by the structure factor for one bilayer. The
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10K 20K 40 K

4 025

0.2

-45 016
-10

x10° q (A ) x10

FIG. 5. (Color onling The magnetiq00r) diffraction peaks of the Hg/Y 17 superlattice charged at a deuterium pressure of 60 mbar
taken at temperatures between 10 and 115A.for the pristine sample, no intensity was observed in a scan at 1)28e€.also Fig. 6 for
line scans extracted from the intensity maps.

x=0 curve is also plotted as an envel@ashed lingin Fig.  the magnetic signal we find that the deuterated sample dis-
4(a). play approximately the same ordering temperature as the
In the following, we shall turn to the magnetic scattering pristine superlatticeTo=1182) K. At the same time we find
results obtained from the sample in its final loading stage. Irfrom the fit to the data that the turn angle has slightly de-
Fig. 5, intensity maps are shown taken at temperaturesreased, fron,,=41° to ay,=39.2°. From the short discus-
between 10 and 115 K across tt@0.7) peaks). From the sion of the properties of HoHfilms given in the Introduc-
data it is evident that upon the introduction of deuterium intotion, we can conclude that some deuterium has entered the
the yttrium interlayers the splitting of thepeak is lost. The Ho films to cause a slight decrease of the turn angle wihile
broad peak corresponds to the magnetic signal one wouldas remained constant to within 2 K. We can thus estimate a
obtain from a single isolated Ho film, strongly indicating that deuterium concentration in the Ho filmss=2 at. %.
the magnetic correlation is lifted by the deuterium uptake in  Alternatively, we have simulated the effect of a multido-
the mediating Y layer. However, the intensity distribution of main state in our sample in which most Ho domains scatter
the loaded sample still exhibits weak features reminiscent oih an independent and uncorrelated fashion, while other do-
the coupled superlattice, which emerge particularly in themains still show some weak short-range correlation. Figure
off-specular regime. This means that while a long ranger(a) shows a simulated intensity map for independently scat-
propagation of the magnetic helix across the superlattice itering Ho planes. Because there is no correlation mediated
suppressed through deuterium uptake, some correlation apy the yttrium layers, no modulation of the magnetic peak
pears to persist which, however, does not extend over morarising from the superlattice structure and thus only a single
than a few Ho layers at most. Analogous to the analysis ofmagnetic peak is observed, at a position given by the turn
the magnetic scattering spectrum of the pristine sample, Fieangleay,. The width of the peak in thg, direction is given
6(a) shows the specular scan along thexis extracted from by the thickness of the holmium filmsl,,. In the middle
the intensity map for the sample at 10 K. The solid linepanel of Fig. 7, we have simulated the scattering pattern that
represents again a fit to the data points of E) with  would be observed from such holmium domains for which
|Ag |2 given by Eq.(13). From the fit we obtain a strongly some weak correlation persist€Only the two strongest
reduced value for the relative correlation coefficiert, peaks are seen, while the others vanish into the “back-
=0.05, which confirms the earlier notion that the correlationground.” In Fig. 7(c), we show the superposition of the two
has all but vanished and that deuterium is a suitable agent faases shown in panela) and(b). The total scattered inten-
varying the interlayer exchange coupling in the rare eartfsity is given by the incoherent superposition of the scattered
system Ho/Y00.1). From the temperature dependence ofintensity from completely decoupled domains and such do-
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FIG. 6. (a) Specular diffraction pattern at 10 K for the loaded 035
sample(open symbolsand a fit to the data based on E@4) with
x=0.05 (solid line). (b) Scans along thel, axis in the region of 0:3
specular diffractior(curve A) and in the off-specular regiofcurve 7.;0_25
B) and corresponding simulated scans extracted as indicated from o
the simulated map shown in Fig(cJ. 0.2

mains that are still weakly exchange coupled. From the re-
sulting intensity distribution, plotted in Fig(@), we find that 301 -0.005 0 0.005 0.01
the simulation reproduces well the features discerned in the
experimental data as shown in the first pafig K) of Fig.

3. The very good agreement between simulation and experi- g 7. (Color onling Simulation of the expected intensity dis-

ment is also evident from Fig.(6)-6(c), where we showl,  ripution at the(00.7) position for(a), independently scattering hol-

scans obtained from the experimental intensity m@p  mjum films and(b) for a superlattice in which some short-range

10 K) and the simulation for the specular condition and incorrelation across the interlayers is maintained. Bottom panel: inco-

the off-specular regiogcurves A and B herent superposition of the patterns shown in pag@lsand (b),
Summarizing the results from the KoY 17 superlattice, representing a multidomain state of the sample.

by performing temperature-dependent neutron scattering ex- , ) o

periments, we have established for the model rare earth sy§agnetic order vanishes. For both the pristine and the deu-

tem Ho/Y that deuterium is an effective agent for Varyingterated sample we observed a constant critical temperature,

the interlayer exchange coupling. We find that by loading thel c=1182) K. From this we were able to deduce that little

yttrium films into thea-3 coexistence region, magnetic in- deuterium is dissolved in the holmium films. In the following

terlayer correlation is all but suppressed. A quantitativeV® Will discuss the magnetic properties of a Ho/Y superlat-

analysis reveals a fractional correlation coefficient,0.05,  tice With thin f;é))lmlum_ films:[Hoy1/Y 23] X 30. As investi-
while simulations based on a model of independently scatd2t€d elsewherefor thin single holmium metal films, there
tering domains reproduces well the experimental data botfs & distinct finite-size effect on the magnetic ordering tem-

along the specular line and in the off-specular regime. peratures of such long-period antiferromagnetic structures.
We established that the ordering temperatligedecreases

according to the expression
Te(®) = Te(dwo) _ -, -V
For the previously investigated H@Y; superlattice, Te(dh) ° =Co - (dyo—do) ™, (15
it was found that, within experimental resolution, the intro- ¢ HHo
duction of deuterium into the yttrium spacer layers doeswhereTc(«) is the critical temperature for the bulk system,
not effect the critical temperature at which spontaneous.’ a phenomenological scaling parameter, &gd constant.

q, &

B. The Hoy;/Y 3 superlattice
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FIG. 8. Finite-size scaling of the critical temperature in hol- 5
mium single films(solid circles, Ref. 2 Critical temperatures for ‘E’ 50
exchange-coupled Ho/Y superlattices with yttrium interlayers of E
varying thicknesgopen symbols, this work and Ref). &ee text for g o
details.
S . . - 150
The finite-size scaling off is shown in Fig. 8 where the
critical temperatures observed for a series of single holmium
films (solid symbols, Ref. 20and for several Ho/Y00.1) 100
superlattices with varying thickness of the yttrium interlayers
(open symbols, this work and Ref) 8re plotted. The solid 50

line reproduces the scaling law as given by Etp).

In Fig. 8, it can be seen that for thicker holmium films
(dyo>16 ML), the critical temperatures observed for both
exchange-coupled Ho/(90.1) superlattices and single thin 0,0
holmium films are primarily determined bg,,. For dy,
<16 ML, it can be seen that the values fi¢, reported in
the literature and measured in this work, for a series of su- FIG. 9. Specular diffraction pattern of the thin Ho/Y superlat-
perlattices seem to show a considerable scatter and are dle with (a) no deuterium in the yttrium layers, ar) and (c),
evated compared to thHE. value of the single film. This is increasing deuterium content. All curves taken at 10 K.
due to the fact that, for superlattices with very thin holmium
films, the contribution of the interlayer exchange coupling toand, from a fit of Eq(14) to the data, we obtair values of
the total exchange energy of the magnetic layers is no longey.15 and 0.09 for the two sample states, respectively. From
small. Consequently, the strength of the IEC mediated by théemperature-dependent measurements of the magnetic
yttrium films strongly influences the experimentally ob- peaks), we determined values for the critical temperatiige
served critical ordering temperature. in the three cases. The result is plotted in Fig. 10 where it is

In this context, we have investigated[H0,,/Y 3] X30  shown that a reduction of. from 94(3) K for the pristine
superlattice in which a weakening of the interlayer exchange

coupling through the introduction of deuterium in the yttrium 100 ————————————————————
films and the concomitant loss of interlayer correlation sofqe T T T T
should lead to a reduction of the total exchange energy and 95 _ :fg 1
thus to a reduction of the critical temperattrg of the sys- > 100k ]
tem. Figure 9 shows specular diffraction patterns taken for 90 S 1

the pristine sample and with two different deuterium concen- g 5 oo o ]
trations in the yttrium interlayers. The observed spectra re- o 85 EME:'“;"“;-;"(:;_EKL-O e
semble those obtained from the superlattice wih, d, (ML)

=27 ML. Due to the reduced thickness of the holmium films sor T
we see an increase in the width of the enveplotted as a 25k ]
dashed line in Fig. @]. The diffraction patternitaken at r 11 ML single film (T, =74(3) K} = = < = = = = 3~ - -
10 K) shows again the sharp peaks of an exchange coupled PR T S T VR
superlattice, and a fit to the data yields a partial correlation p,, (mbar)

coefficient, k=0.6. Through exposure to hydrogen at two

different pressures, we realized two successive loading states FIG. 10. Critical temperatures of a K@Y ,3 superlattice as a
for the yttrium films, and the corresponding diffraction pat- function of deuterium content in the yttrium interlayers. Inset: Criti-
terns are shown in the center and bottom panels of the figureal temperatures observed from a series of 10y, superlattices
Loss of magnetic interlayer correlation is again observedwith dy varied between 12 and 71 ML.

104429-8



HYDROGEN AND THE MAGNETIC INTERLAYER... PHYSICAL REVIEW B 70, 104429(2004)

sample to 77@3) K for the final loading stage occurs. Thus ments confirm that the deuterium resides primarily in the
we have demonstrated that deuterium in Ho/Y superlatticegttrium spacer layer. In the virgin sample, a long-range co-
can be used to vary the strength of the interlayer couplindierence of the magnetic helix across the Y spacer layer is
and thus the total exchange energy of the system in a corfeund. The measured ordering temperature of(2L& and
tinuous fashion. For superlattices incorporating thin holmiumthe turn angle of the magnetic spiral correspond to the value
films finite-size effects become important and a change oéxpected for an isolated single Ho film of 27 ML. At the
the ordering temperature is associated with the introducedighest deuterium content in the yttrium layers investigated
change of the total exchange energy. Another, more “tradihere an almost complete suppression of the Ho exchange
tional” way to vary the interlayer exchange coupling is tocoupling via the Y spacer layers could be observed. Some
vary the thickness of the nonmagnetic spacer layein the  weak and short-range correlation remained as quantified in
inset in Fig 10, we have reproduced the results of a systenterms of a partial correlation coefficient. In Ho/Y superlat-
atic study of quleY] superlattices wherely was varied tice with dy,<16 ML finite-size effects become important
between 12 and 71 ML. It is apparent that the two presentednd the introduction of deuterium into the nonmagnetic in-
mechanisms for varying the strength of the interlayer couterlayers can be used to vary the total exchange energy of the
pling, i.e., the introduction of deuterium into the yttrium lay- System in such a way as to strongly influence the ordering
ers or the increase of the interlayer thickness lead to a  temperature of the systee.

reduction of T¢ towards the value observed for an isolated

single holmium film,Tc=74(3) K. The solid lines in the in- ACKNOWLEDGMENTS
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