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Near-surface tricritical behavior of V ,H(010 at the B,-8, phase transition
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We present results of an x-ray grazing-incidence diffraction experiment opH{010) surface. The tem-
perature dependence of the in-plahé2( 0 —h/2) superlattice reflections discloses the surface critical behav-
ior across thes,-B, phase boundary. The influence of a nearby bulk tricritical point on the expected values for
the critical exponents is briefly discussed. Using the depth sensitivity of evanescent scattering and by a proper
subtraction of critical diffuse intensity, we determined the surface critical expghgpt A remnant Bragg
contribution above the critical temperature, however, complicates the evaluation of other surface exponents
associated with the critical diffuse scattering. We speculate that the origin of this effect is associated with the
surface oxide layer necessarily present on(thalrogen-loadedmetallic crystal[S0163-18207)01425-2

The possibility of using x-ray scattering to probe surfacewhered is the long-range-ord€t.RO) parameterw>0 and
transitions has stimulated several experiments which obt=(T—T.)/T, is the reduced temperature. On changing the
served a modified surface critical behavidrin order to be  parametery this model simulates different bulk transitions
sufficiently depth sensitive, it is necessary to take advantag tt=0) across a critical pointg>0), a tricritical point
of the unique geometry in which x-ray scattered intensities(gzo), and a two-phase coexistence region or a discontinu-
are collected in grazing incidence geometry for both inciden%us boundary g<0). For g=0 one obtaing¢)z|t|# for
(a;) and exit (@) angles. Earlier works focused either on T<T,, with Bpu=0.25° For a truncated solid a modified
first-order transitiond,where surface-induced disorder may critical behavior is usually seen near the surfa@ifferent

be observed, or a continuous transifion which an entire ¢ f behavi be ob 4. but th ¢
set of specific surface critical exponehtsould be deter- ypes of behavior may be observed, but the most common
and physically motivated is the ordinary transitfoim, which

mined. However, there has been no experimental work o th tace the ord i hibit dified |
the crossover from a continuous to a first-order transition. ['€af th€ Surtace the order parameter exnibits a modiied scal-
iIng behavior against a reduced temperature, with

is therefore a natural extension of this prior work to focus on S .
the surface transition in the presence of a bulk tricriticaIBS”ffI 0.75 for a bulk tr|cr|t|_cal point. _

point. We report here a synchrotron-based x-ray study of the Belew Te, x-ray scattering can probe an order-d_|sorde_r
surface critical behavior of YH across theB;-3, phase transition thro_ugh a measurement of t.he |_ntegrated.|ntenS|ty
boundary, in which the character of the transition changes o f a superlattice Bragg reflection, Wh'Ch2 is proportional to
varying the concentration of hydrogen. the square of the order parameltg,q<( #)°. In the ordered

Tricritical systems are usually described by a mean—field81 pheee of VH the hyd_rogen atoms are located in selected
model for the free enerdy interstitial octahedral sites of every othguseudg body-

centered tetragondbct) (10-1) plane, as shown in the inset
F=(1/21)tp*+(1/41) gp*+ (1/61) we®, (1)  of Fig. 1. In theB, phase abov@, the hydrogen atoms are,
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650 °C, followed by a slow cooling. The )H crystal exhib-

' L B T ited a single-crystalline structure with two domains reflecting
o HYDROGEN the equivalenf101) and (10—1) hydrogen-induced ordering
485 oty o vhemey directions. After loading, the mosaic spread increased to
By © e ~0.12°. The atomic H-V ratio was later determined by re-
450 | sidual pressure and weight-loss measurements on heating to
= 2-phase R be 52.3-0.2%. We note that it is difficult to obtain a sample
= coexistence - with a hydrogen concentration at the exact location of the
Chasd)  trieritical tricritical point.
E vy ﬂ%%%@ critical An in-house bulk x-ray measurement of the temperature
aq0F T2 dependence of thé4 0 —4) and (5/2 0 —5/2) reflections
present revealed that the crystal traverses a narrg@@y+« 38,) two-
435 [31 sample phase region of approximately 0.3 K, which guaranteed the
proximity to the tricritical point. The value of the exponent
L A L Boui Was obtained from a fitting of the temperature behavior

46 48 50 52 54 56 58 60

CHIV) (%) of the (5/2 0 —5/2) reflection against reduced temperature

| Bragg | t|?Pouk, and varied from 0.13for a fixed T, ob-
tained from the peaking of the critical diffuse intengitp

FIG. 1. Vanadium-hydrogen alloy phase diagram close to the).18 (by allowing T, to vary as a free fitting parameter,
atomic concentratiorC(H/V)=50% (Ref. §. On varyingC the  equivalent to correcting for the small discontinuity across the
character of theB,;—fB, phase transition changes from critical phase boundajy In contrast with a prior stuay that re-

p y p

(C>50% to tricritical (C=51%). The exact position of the tric- vealed the absence of critical fluctuations on crossing a wide
ritical point (marked with anx) is not known (the shaded area (2 K) coexistence regiofiower H concentratiop the present
indicates the region where it may be locateBor C<50% we  crystal exhibits pronounced critical diffuse scattering associ-
observe a two-phase coexistence region figarThe inset shows ated with a nearly continuous transition.
the structure of ordered, —V;H. The hydrogen atoms are located  For the surface-sensitive experiment another piece of the
in selected octahedral sites of every otti0—1) plane, displacing  ggme crystal plate was carefully prepared witf0a0) nor-
the vanadium atoms from their average positions in the bct latticen51 to the surface(the pseudotetragonal axis is along
. . (001)). The crystal was polished with gu3Al ,O5 solution
on average, d'Str!bUIed ran_domly over the two sets of sites | nd later by a Si@ suspension which produced a mirrorlike
F.'tg‘ 1 (tmst? Ieadlr;]g to a dlsorge(;eg b(t:; structgrﬁ.. Theftrt?]n'and optically flat surface. A final electrochemical procedure
sition to the 5, phase is probed by the vanishing o € removed the damaged layers produced by the polishing, but

(h/2 0 —h/2) reflections_ Whic_h originate "_‘ the ordere_d added an oxide layer to the surface and a waviness equiva-
hydrogen-induced vanadium displacements in the bct Iattlcqent to Aa;=0.09°. An analysis of the surface evanescent

Bl.Jl.k x-ray scatterlng_exper[meﬁti% have revealed that the as profiles yieldedo=7 A for the surface roughness and
critical exponentBy = 0.15 is _consu_jerably _Iqwer than ex- #250 A for the thickness of the oxide cap layer.
pected for any of the three-dlmensm_nal cr_|t|cal systems. | The crystal was taken to beamline X2A at the National
was conclutfjed frombthelv-_l-_| plhas_e dlagr(f\.‘?lg. 1)hthat lthe ynchrotron Light Source and mounted on a six-circle dif-
phreser}c_e ? a near étzlcrr:t'ca hporl1nt modifies the vrzl_ues %ractometer using a monochromatic x-ray beaxn=(1.3625
the critica he_xponer(;_ ' dt ?]UQ v el exrlJon(Zemeu,kl IS- A, which set the critical angle of total reflection to
\e/lglrue:Sfovrw:hisltsexprgn:acr:? istcgcr)rﬁ?c?r?i:atr(i‘gitisgélas OS\;V;PLS a.=0.29°). The scattered intensities were collected by a
and reflects IogarFi)thmic corrections which are diffiC)l/JH to aC_position—sensitivg proportiona}l counter mounted perpend?cu-
count for in the fitting procedure lar to the sce}tterlng .plane. Slnce'the hydrogen was confined
In the case of a surface x-rai/ experiment the integrate the vanadium lattice by th_e oxide layer no further surface
: ity of lattice reflection is aivenlh eatment was done to avoid any change_ in the hydrogen
Intensity of a super 9 y concentration, but the crystal was kept in a vacuum of
w ' 2 10" 7 Torr throughout the experiment to avoid any further
J d(z)e Yhe RAGIZgZ| oxidation.
0 In order to determine the near-surface long-range order
2 nearT,=447 K we have measured tt{g/2 0 —5/2) x-ray
whereq; is the out-of-plane momentum transfé@i(«;) and reflection for two different incident anglesg; with an open
T(a;) are Fresnel transmission functions ate: 1/Im(q,)| detector technique using rocking scans(over a range of
is the penetration depth of the x-ray beam. =0.6° in steps of 0.024°), which essentially integrated over
2M={[Re(@,) 1>~ 1/A%}a+2L/A, and is analogous to a all Bragg and diffuse scattering. In Fig. 2 we present the
Debye-Waller factor which incorporates the effect of the sur-a;- and w-integrated intensity fow;=1.14a. [the position
face roughnesg together with a cap layer of thicknegs  of maximum intensity a$(«;)] and 1.62¢., corresponding
which does not contribute to the scattering(z) is the to penetration depths of 120 and 1000 A, respectively.
depth-dependent order parameter. For an accurate determination of the asymptotic behavior
For the present experiment a vanadium single-crystabf the integrated Bragg intensity beloW., one must first
plate, with(010) normal to the surface, and a very low mo- subtract the contribution from critical diffuse scattering,
saic spread {0.03°), was loaded with purified Hat  which is most intense exactly at.. We have evaluated the

1(a) | T() 2| T(rp) 762"
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F.IG‘ 2'. Deterr_ninat?on of the diffuse contributioq beldy from FIG. 3. Asymptotic behavior of the;-integrated Bragg scatter-
the intensity obtained in the disordered phase. Notice the good qua]-I':|g for a;=1.14a, . Notice the crossover from a bulkt¢ 10~2) to
ity of the fit in the disordered phase, in which the predicted value Lo

) . surface-dominated €102, =0.76) regime of critical scat-
for y;,=—0.5 was used. The best fit refers to the results obtalnetf1 € Bout ) reg

f he fitti f th inina B ; i bel h ering (the penetration depth i4 =120 A). The inset showsy;
irr10|r:?gt g itting of the remaining Bragg intensity belduy, shown profiles for a;= ., which were fit using Eq(2) but assuming a

depth-independent order parameter; this also included the effects of

) o ) ) . waviness of the surface, its roughness7 A and an oxide cap
diffuse contribution belowT using the total integrated in- |ayer (L=50 A). Note that the intensity at smad, falls below the

tensity in the high temperature phase as a reference. As {g curve indicating an enhanced disorder at the surface.
known?? the near-surface critical diffuse scattering exhibits

a nondivergent temperature dependence given b)A/r

Idiﬁ(t)=A0(1+Af|t|‘Vlvl+ AZ[t|+---) where A" and we present ad;-integrated radial scan of thé5/2 0 —5/2)

A" are different amplitudes associated with the low- an rezﬂicgtgqo?lf(?rg: n%(to_&l)v\c/jgeﬁg\?g ﬁ"f[ltte‘(;i ThléGgrcofﬁgdat

h|g_h-temperature phqseAi<0) a.nd Y11= _9'5 for a tri- a;=1.6a. using the predicted law for surface critical diffuse
critical _system._Th_e diffuse mtensnyln the hlgh—tgmperaturescatterind_l i (0, To) =Bo(1+ Bl|q|anl) [where|q| is the

phase is well fit withAo=8718 andA; =—0.398(fitted as  gjstance to thé€5/2 0 —5/2) peak position and the coefficient
free parameteysand settingA;~,=0 (see Fig. 2 B, is depth dependehtnd allowed for a small Bragg con-

The diffuse contribution in the low-temperature phaseyipytion. The profile was convoluted with the instrumental
[1ain(t) =Ao(1+AL [t|~7*")] was determined fronA; and  resolution of 0.019 A measured af,—8.5 K. We ob-
the theoretical values oﬁ\i_/Af’ taken from the literatur®  tained n=1.07, which obviously cannot be correitcom-
We varied the value oA\, /A; from 0.32 (expected for a pared with the predicted value ofj=2.0 for a tricritical
critical poind to O (tricritical point), subtracted the obtained
curve from the overall intensity seen in Fig. 2, and fitted the
remaining Bragg intensity to the latg,agq= 1 o| t|2Psur ——— T

In Fig. 3 we present the asymptotic behavior of the re-
maining Bragg intensity against reduced temperature on
log-log scale where the best fit was obtained for
107 2>|t|>10"2 with Bg,=0.76+0.07 andA;/A; =0.12.

A clear change from bulk-dominated to surface-dominatec
critical scattering is seen dt|=102. In principle, this
crossover should occur whek is comparable to the corre-
lation length, and we become sensitive to the near-surfac
order parameter, but we do not have direct evidence of this
Nonetheless, the results of Fig. 3 provide us with strong
evidence of ssurface ordinary transitiorin this material.

We turn now to radial scans parallel to the surface nea 0 ] . R — —
T., where we observed a superposition of critical diffuse 03 0.2 -0.1 0.0 0.1 0.2 0.3
scattering and a remnant Bragg contributjfor the evalua- q,/(A'l)
tion of B+, described above, this remnant Bragg contribu-
tion was not subtracted from the diffuse scattering because it FiG. 4. Least-squares fit to a radial scan of t6&2 0 —5/2)
amounted to less than 20% of the total intensity n€ay  reflection att= —9.0x 10~* and e;= 1.6a (see text The variable
integrated over the vicinity of th€s/2 0 —5/2) reflection,  q; refers to the distance to t&/2 0 —5/2) reflection in reciprocal
and did not exhibit a strong temperature dependemicd=ig.  space (Qsjpo-52)| =7.043 A7),

10004 b

Critical Diffuse
Scattering

5004

Intensity (abs. counts)

— Bragg contribution
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) LI N S e S e S B R imposes some stress on the metal-oxide interface and conse-
300+ ° o =1250, q__uently it could act as an applied fjeld at thg mgtallic surface;
] ] (i) because of the smalD.3 K) discontinuity in the bulk
@ 250 * =16a, ] phase boundary, the surface thermodynamics, i.e., phase co-
5 ] existence, of the material could be altered causing the pres-
S 2004 i ence of a surviving3; phase at the interface above the bulk
B J . T.. This effect, however, is not accounted for by any of the
S 1504 4 available theories for surface critical behavior. It is, nonethe-
2 ; less, reminiscent of the ordered “skin” observed by several
g 100 . authors® above critical points in various phase transitions
2 which is often referred to as a second length scale. Here it
S 501 . would seem clearly to be associated with the surface oxide.
1 1 In summary, the near-surface disordering process of
o= =" V ,H was studied by x-ray evanescent scattering and, in spite
030020l 0;? ol 02 03 of the presence of a cap layer which did not contribute to the
(A" scattering, could be understood as a surface ordinary transi-

tion in the presence of a bulk tricritical point. This

FIG. 5. Comparison between radial scansTatT,+6.0 K for ~was evidenced by the measured critical exponent
aj=1.25x,(A=200 A, open circlesand «;=1.6a; (A=1000 A,  Bs,+~=0.76=0.07. Both Bragg and diffuse scattering results
full circles). Notice the absence of diffuse scattering for a shalloweragree qualitatively with this picture and they constitute the
angle, evidencing the weakening of critical fluctuations on ap-first experiment performed on the crossover from a continu-
proaching the surface. ous to a discontinuous transition. The presence of an inter-

face imposes a remnastrfaceBragg peak abové . which

point) since we are working above the critical angle interferes with the assessment of other critical exponents.
(A~1000 A), and we are probing mainly bulk critical be- The critical fluctuations near the metal-oxide interface are
havior. weakened, possibly due to the stress imposed by the oxide

The contrast between bu(khort-range ordgrand surface cap layer. We observed a pronounced diminishing of the
(long-range order profiles becomes even more evident atdiffuse scattering coming from the near-surface region of the
T=T.+6.0 K as shown in Fig. 5. The profile obtained for crystal, as compared with the bulk where these fluctuations
a;=1.6a, was fitted by the Lorentzian line shape expectedwere shown clearly to be present.
for bulk critical diffuse scatterintf and is clearly the result We would like to acknowledge the support of Dr. K. S.
of the remaining critical fluctuations above the critical tem-Liang, the X2A beamline personnel at the NSLS, and the
perature. Ata;=1.25x. the (weak surface density fluctua- staff of the Technical University of Munich during the
tions nearT. have vanished and only a sméut persistent sample preparation. This work was supported by a Max-
LRO is left. Planck Research Awai@.C.M. and J.B.and by the NSF on
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