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Switchable mirrors for visualization and control of hydrogen diffusion in transition metals

A. Remhof, S. J. van der Molen, A. Antosik, A. Dobrowolska, N. J. Koeman, and R. Griessen
Faculty of Sciences, Division of Physics and Astronomy, Vrije Universiteit, De Boelelaan 1081, 1081 HV Amsterdam, The Netherlands
(Received 13 March 2002; revised manuscript received 8 May 2002; published 24 June 2002

We show that the switchable mirror material Yean be used both as an indicator to monitor and as an agent
to control hydrogen diffusion in thin films. The applicability of the optical-indicator technique is demonstrated
for VH, thin films. The diffusion coefficient is typically I¢ cn?/s at concentrations around 0.7 H/V at
temperatures between 373 and 473 K. Deposition of a layer of Y on V makes it also possible to tune the
effective hydrogen mobility via the V/Y thickness ratio. This can be used for investigation of hydrogen
diffusion waves in laterally structured objects.

DOI: 10.1103/PhysRevB.66.020101 PACS nuniber66.30—h, 68.55.Ln, 68.37%d, 68.60—p

One of the striking properties of hydrogen in metals is itscooled quartz microbalance during deposition and are
large mobility. Already at room temperature the H diffusion checkedex situ by profilometry and by Rutherford back-
coefficient can be as high as T0cn¥/s, i.e., a value almost  scattering(RBS). Furthermore, RBS is used to characterize
comparable to diffusion in liquids. A review of experimental the chemical composition of the metallic stripes and to detect
data and techiques used so far to measure hydrogen diffusigventual alloy formation at the interfaces. The RBS spectra
ity in bulk samples is given by Alefeld and k. Most of show well-defined layers, no intermixing at the interfaces,
these methods are not applicable to thin films as they arand no chemical impurities. The thickness of the natural ox-
either hampered by the influence of the subst(atg., in ide layer that forms in ambient air on the uncovered part of
Gorsky effect or by the rather small volume of the filfe.g.  the yttrium layer is determined to be 15 nm.
in quasielastic neutron scatterjngConsequently, relatively The gas loading cell and the experimental setup have been
little is known about hydrogen diffusion in thin metallic described earli€t'®At t=0 a sample assemblgonsisting
films and multilayers. The understanding and manipulatiorhere of 11 individual V/Y stripgsis exposed to hydrogen. As
of hydrogen transport through films is, however, importantdescribed by Den Broedet al.’ the Y underneath the Pd
for the control and optimization of coatings and thin-film immediately starts absorbing hydrogen, and forms the trans-
devices such as hydrogen detecfotsnetal-hydride switch-  parent YH_s phase. Further hydrogen uptake is achieved by
able mirroré® or tunable magnetical elemerfts.Recently lateral hydrogen diffusion mainly through vanadium, since H
den Broederet al® presented an optical method to monitor uptake cannot occur via the superficially oxidized Y. The
the lateral migration of hydrogen in Y, exploiting the intrin- lateral migration of hydrogen in vanadium away from the
sic concentration dependent optical properties of the Y-HPd-covered region can easily be monitored optically in the Y
systent Especially the progression of the boundaries sepaindicator layer as the various yttrium hydride phases formed
rating the various stable hydride phases can easily be dé@t different hydrogen concentrations, exhibit characteristic
tected as discontinuities in the optical contrast. optical properties:** For example, the front corresponding

The main purpose of this communication is to demon-to the coexistinga and B phases is clearly identified as a
strate that visualization of H diffusion is also possible fordiscontinuous change in transmission and refleitm.Y,
hydrogen in opaque transition-metal films. More specificallythe phase boundary of the hepphase isc, max=0.2 H/Y
(i) we demonstrate the feasibility to use a thin layer of Y asand that of the fcgs-phase iscg min=1.9 H/Y, thusAc,
an optical indicator to visualize the lateral H migration in
thin films of vanadium{ii) we show that the mobility of the
phase boundaries in a composite film.g., V/Y) can be
tuned through the sample/indicator thickness ratio, @ingl
we determine quantitatively the H-diffusion coefficient in a 4 | dg
vanadium film by means of our optical indicator method. A

The samples are prepared by means of e-gun evaporation
in an ultrahigh vacuum systenibackground pressure
<10 ° mbar). A typical sample consists of a V stripe of
length L=10 mm, widthb=1 mm, and thickness 25 nm
<dg<250 nm. Usually 11 stripes of various thicknekgare :
deposited onto one, polished amorphous quartz substrate. SiO,
The V stripes are covered with a thin layer of yttrium as an
optical indicator for hydrogen diffusion. Indicator thick-  FiG. 1. Schematic sample design. Yttrium-covered vanadium
nesses 10 nmd; <50 nm are examined. One end of each ofstripes (1x 10 mn?) of thickness 25—125 nm are deposited onto an
the combined V/Y stripes is covered situ with a 10-nm-  a-Sj0, substrate (1%10x0.53 mnf). The stripes are partially
thick Pd cap layer as indicated in Fig. 1 The thicknesses ofovered with a Pd caplayer to enable gas phase H loading. In the
the metallic layers are monitoréwl situ by means of a water- actual sample series there are 11 stripes.
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diffusion is in the positivex direction. The reservoir-sample
Pd interface lies ak=0 andcg(Xx=0)=cg,. The concentration
cs(x,t) is determined by the diffusion equation

gc 9
gt ox

10 mm

&c)
D&_x . (1)

~YH, front Since (i) the enthalpy of hydrogen solution in the indicator

(here Y) is much more negative than in the samfilere V)

and (ii) the diffusion constanD in the samplgV) is orders

of magnitude larger than in the indicator), all the hydro-

gen flows via the sample into the indicator. This creates a

diffusion front atx=x; that is experimentally found to move

asx?=Kt. The H atoms crossing in the time intentl, the
FIG. 2. Photography of an 11 stripe sample loaded in a hydrogross sectiomlgh atx; are usedi) to move the front bysx;

gen atmospherep(;,=1 mbar, T=473 K) for 1¢' s. The 11 com-  and(ii) to fill the overlaying indicator up to a concentration

posite V/Y stripes take up H via the Pd layer, which is located at thegf 1.9 H/Y. In this waycdsbdx; hydrogen atoms are acco-

upper part of the photo. Lateral H migration occurs along themodated in the sample antic,d,bdx, in the indicator. As

stripes, away from the Pd-covered part. Within the indicator Iayerlong as the indicator is still in the dilute YH-phase it takes

(Y layen, the presence of H leads to the formation of the ,YH p all the hydrogen from the underlying sample. There is

phase, which appears blue in reflection. Note the influence of the \Zssentially no difference in position between the bosition of

thickness on the mobility of the YHfront in the indicator. The he front in the indicat d the sh d f trati
thickness of the V stripes decreases from 125 nm to 25 nm from Ieﬁ e front In the indicator an . € Sharp drop of concen _ra lon
the sample ax;. Conservation of the number of particles

to right. The 2nd, 7th, and the 9th stripe have a nonconstant W

~ ar
o S
3 3
3 3

thickness. leads to

=Cgmin—Cama=1.7 HIY 2 n the following we call this jibdsdt=Db(Ac,d;+cds) 6Xs, 2
o.p_tical feature the B-front” or simply the frontand its po- wherej ;= — D;(dcs/dx)|; is the flux of H atoms at the front
sition X . through the sample. Assuming a concentration independent

Figure 2 depicts a snapshottat 10* s after the 11-stripe- D, the solution of Eq(1) with cg(0t)=cs, and the bound-
sample assembly was exposed to a hydrogen atmosphere ofy condition Eq(2) is

mbar atT=473 K. The Pd-covered parts, where the hydro-

gen enters the samples and the lateral diffusion starts, is at X

the top of the photo. The optical discontinuity within the cs(x,t)=cso—aerf< ) 3
indicator corresponds to the boundary between the silvery 2\Dt

gray low concentrationr-YHy , phase and the blugn re-  aAg the concentration; at the front is given by
flection) dihydride phase3-YH, 4. The results in Fig. 2 do

not only show that the progression of H in V is easily fol- ci=cg(X,t)=Cgy— a erf(VK/2\D), (4)
lowed through the optical appearence of the indicator layer, )

but also that the front mobility can be tuned through the ratiove obtain from Eqs(2) and(3)
of the sampl€V) and the indicatofY) thicknesses. Note the

pronounced thickness dependence of the front mobKity d 2a\D + Y e ﬂ _ Cs 5
=x?/t. The thickness of the stripes in Fig. 2 decreases from ds_Ac,\/ReK"‘D Ac er 2D/ Ac ®
left to right from 125 nm to 25 nm. All the stripes are cov-

ered with 50-nm Y. Oxidation reduces teéecticeY thick-  In an experimend, , ds, Ac,, andK are known. The diffu-

ness down to 35 nm. The thickness of the Pd cover in th&ion coefficienD, the parametes, and the equilibrium con-
upper part of the stripes is 10 nm for all the 11 stripes.centrationcs, can be extracted from measurement&as a
Systematic measurements, in which the temperature, thgnction ofd,/ds. The experimental data for two different
sample thickness, and the indicator thickness are variedets of experimentgach of them for five values af; /dg),
show that the mobilities exhibit an Arrhenius behavifmr a  are represented in Fig. 3 together with their respective fits.
given sample thicknessAt a given temperature the mobility We obtain a hydrogen-diffusion coefficient in vanadilg
increases with increasindg/d, , i.e., in a thick sample cov- =1.2x107° cn?/s and an equilibrium concentratiocs,
ered by a thin indicator the front progresses faster than in &0.62 H/V at 473 K and apy,=1 mbar. At T=373 K
thin sample covered by a thick indicator. and py,=1 bar the measured values arB,=0.67

We show now that the hydrogen-diffusion coefficient canx 10™° cn?/s andcg,=0.83 H/V.
be determined from experimental results of the type shown For a discussion of these results we assume first that the
in Fig. 2. For this we note that below the Pd caplayer thephase diagram of H in V films is the same as for bulk,VH
hydrogen concentrationg, in the sample is in thermody- Then our results at =473 K pertain to thex-VH, phase in
namical equilibrium with the surrounding,Hatmosphere. which H occupies randomly tetrahedral sites in the bcc V lost
We choose the coordinate system such that the direction d#ttice. Our results al =373 K, on the other hand, corre-
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T T T T T T ] Let us now focus on the results @t=373 K andpy»
18- » 373K ibar . =1 bar. Even though the phase diagram for bulk V-H may

deviate markedly from that for thin films and nanocrystalline
samples*1® under the condition of 1 bar and 373 K we
] expect our V samples to be in the saturagdphase. For
. bulk samples this phase boundary lies at 0.82 H/V and is
essentially temperature independent between room tempera-
ture and 373 K. The H-ricly-phase cannot be reached at 373
K without applying high pressurea. 50 bay, so we ex-
1 clude the presence of this phase in our samples.
] Orimo et al!® report a modification of the8,-y phase
boundary in the V-H system within nanometer-scale V
; grains. They conclude that thg,-y phase boundary de-
0.0 ' ' ' ' ] creases from 0.82 H/V for 80-nm grains down to 0.67 H/V
1 2 3 4 5 6 for 10-nm grains. By using NMR techniques, the same au-
12 thors measured a hydrogen jump ratevgf, «=10° s~ at
300 K in 80-nm-sized V grains witbg=0.82 H/V. Using an
FIG. 3. Hydrogen front mobilityK in the yttrium indicator ~ activation energy of 240 meV;*” we obtain a jump rate
(VK=x;/\lt) versus sample thickness ratid,(ds) together with  v3,5 «<=6x10° s~ at 373 K. Together with a jump length of
the respective fits according to E(). The fits yield a hydrogen- 0.15 nm, the distance between two interstitial sites, this re-
diffusion coefficient in V ofDy=1.2x10"°cné/s, and a H con- sults in a tracer diffusion coefficient ofD;=2.3
centrationcg=0.62 H/V at T=473 K and pyy,=1 mbar (upper ~ x 10’ cn?/s. Compared with our measure®=0.67
curve. At T=373 K andpy,=1 bar the corresponding values are % 10°5 cn?/s this impliesD/D,= (cs/kgT)(duldcg) = 29.
Dy=0.67x10"° cn/s andcg,=0.83 H/V. This value is consistent with the steepness of the 373 K

) . solubility isotherm near th@,-y phase boundary?
spond to theg,-phase that exists for temperatures betweendf In conclusion, we have demonstrated that thin layers

293 and 463 K at hydrogen concentrations between 0.45 an YH, can be used as indicators to visualize hydrogen mi-

0.83 H/V. The B,-phase is separated from the cubic OF Yy i .
CaF-like VH, phase by a large miscibility gdp gration in opaque transition metals such as vanadium. In ad-
- 5 )

We consider now our data at 473 K. Recently, solubilityd't'on’ our .Opt'(.:al method aII_ows measuring 'Fhe _eq“"'b““m
. S o concentration in the material under investigation and its
isotherms of thin-film V-H samples within the-phase have T e . S .
: 14\ pote: . . macroscopic diffusion coefficient. In principle, our technique
been studied by Anderssaat al.”” Within the investigated . licabl ial th b d with .
thickness range 50ds<<100 nm, no pronounced thickness Is applicable to any material that can be coated with a swit-
dependence of the isotherms could be observed. The equiligh@ble_metal-hydride mirror material as long & its
rqun hydrogen concentrations depend strong| '@ anqu -diffusion coefficient is higher than the one of the indicator
in the pressure range g;,=0.5-50 mbar and)loapt tempera- and (ii) its hydrogen affinity is low compared to the hydro-

en affinity of the indicator. Furthermore, by varying the
tures between 450 and 500 K. In the case of our measure: LT . . : i
ment atT=473 K and py,=1 mbar, this makes a direct ample/indicator thickness ratio the effective mobility of

comparison difficult. However, within experimental uncer- the hydrogen front in the indicator layer can be tuned over a

o - . . wide range. In principleD can be varied at room tempera-
ta.'tr;]t'fhs’ ghet meat)sl,grt:ad dvglu: ?0_0‘?]2 lH/V Is consistent o by four orders of magnitude between the extreme values
wi A et faa ?rl: IS e’l'b y An ersset at-. ¢ aiven hvdro. O H in Y (ypically 10°° cnf/s) and H in V (typically

part from the equilibrium concentration at given nyadro- 4 -5 cn?/s). In a patterned thin film this opens the op-
gen pressures, thelope of a solubility isotherm yields the

. . . . _portunity to locally vary the mobility of the front and to
derivative of the chemlcal potential with respect to th_e hy investigate hydrogen diffusion wav&5Euture investigations
drogen concentratio@u/dcg. The macroscopic diffusion

- . : . X will include refractionlike and reflectionlike phenomena at
coefficient D investigated here, is related to ttracer diffu- P

sion coefficient B via D/D, = (cs/ksT) (2l dcs). Nuclear mter.faclegs separating areas of different effective diffu-
) X ; sivities:
magnetic resonanced\MR) experiments on bulk vanadium
show a monotonic decrease Bf with increasing hydrogen We would like to thank A. Pundt, G. Majer, B. Hjaars-
concentratiorcg from D,=2x10 * cn?/s atcs=0.02 H/V  son, and R. J. Wijngaarden for stimulating discussions, as
down toD,=2x10"° cn?/s atcs=0.68 H/V® The slope  well as J. N. Rector for the performance of the RBS mea-
of the 473 K solubility isotherf at cg=0.62 H/V yields  surements. This work was supported by the EU-TMR project
(cs/kgT)(duldcg) =3, leading to a diffusion coefficient of “Metal-hydride films with switchable physical properties,”
D=6x10° cn?/s, comparable with our value @=1.2  Project No. ERB FMRX-CT98-187. It is also part of the
X 10°° cré/s. Again, a comparison between samples pretesearch program of the Stichting voor Fundamenteel Onder-
pared by different techniques, leading to different grain sizeszoek (FOM) which is financially supported by the Dutch
stress states, impurities etc., hampers a direct comparison.NWO.

1.6 - — fit 1
14 o 473K, 1mbar ]
T — fit

x/sqri(t) [1 0°cm/s
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