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Dislocation structure of a defective near-surface skin layer in H
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Here we present a detailed analysis of the depth-dependent dislocation substructure responsible for the
graded defective “skin layer” in single crystal,M whose phase transition appears continu@tisritical) in
this skin layer and strongly first order in the bulk. A skin layer with an effective thickness of hnils
located just below the surface of-al-mme-thick bulk crystal. Within this skin, the conventional mosaic spread
(x-ray rocking curve shows a full width at half maximum that decays into the bulk. In this paper, we
determine, via diffuse scattering distribution in the vicinity of the Bragg points, the dislocation arrangement
and its associated stress field. The results can then be used in interpreting the influence of this stress field on
the change of the order of the phase transition as well as in the discussion of the two-length scale pattern where
both length scales show a critical behavior.
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In a series of papers, we have explored the unusual scatalf maximum (FWHM) in the disordered state to the or-
tering associated with the phase transition isHVfrom a  dered peak width—both the susceptibility exponenand
disordered bcp3,-phase above the transition temperature ofthe correlation length exponentassumed their mean field
Tc~445K to an ordered monocliniB; phase belowl..  values y=0.96-0.16 andv=0.52+0.06, respectively, as
The ordering takes place on the octahedral sites of the vang&xpected for a tricritical point when approaching the phase-
dium (V) lattice. When preparing the crystal, the orderingtransition line perpendicularly. At larger reduced tempera-
tends to select one of the three cubic axes due to the particidres, t=(T/Tc—1), the exponents crossed over to larger
lar choice of the sample geometa thin ~1-mm-thick values which were both unusual and clearly nonuniversal.

single-crystal V plateand the hydrogefH-) loading condi- The most dramatic_ behavior, hqwever, concerns our data
tions, thereby creating a pseudotetragonaaxis~2 This on a _b_ulk §ample as first reported in Ref. 8. Whlle_ the phase
leads to the exclusive occupation of one subset of octahedr@nsition in a near surface volume of somen thickness

e ; was continuou§? the transition in the bulk was clearly first
sites in theB,; and B, phases which are usually referred to aS  der® This was not due to a change in either the H or O
O, sites. At the concentration of Y4, one-half of theO, i 9

. . . concentration at the surface below a depth-@00 A (for a
sites are filled. In the disordered bct phase, the two sublaty i iad discussion of this issue. see Ref. Y&t the thick-
tices of the @ sites, namelyOz; and O, sites, are equally  hagg of the surface “skin layer,” within which a continuous

occupied. Below the ordering transition, tiy, sites be-  yricritical behavior was seen, was of the order of 6.
come increasingly occupied with decreasing temperaturgsigyre 1 shows the decay of the mosaic spread, i.e., the
The exclusive occupation @3, sites in every other (0 1)1 FWHM of the crystal rocking curves at a Bragg peak, versus
plane leads to a periodic distortion of the vanadium hosthe depth in from the surface. Since the small H and O gra-
lattice and thus td0 h/2h/2} superstructure peakpseudo- dients in the first 200 A do not play any role hésee Refs.
bct notation (See Refs. 1 and 4—6 for both a detailed de-5 and 12 the only remaining “defects” that we might then
scription of the structure and earlier resylt§he structure invoke to explain the unusual conversion of a bulk first-order
factor of the superstructure reflections can be expressed fansition to a continuous tricritical transition in this defec-
terms of the modulated distortion of the V-lattice planes, andive “skin layer” are the dislocation arrays that are respon-
their relative occupancy is directly related to the Bragg-sible for the decay of mosaic spread as shown in FigTis
Williams long-range order parametér.*> point was not made in Ref. 7, as our narrow radial scan led
The critical behavior of this transition was extensively us tentatively to rule out dislocations and their associated
studied with x-rays both in Ref. 6 and Refs. 5, 7, and 8. Thestrains) In a purely formal sense, such a conversion may be
crystal of Ref. 6 was a large multidomain sample, and onlyunderstood using a Landau free enefgyn which the free
the long-range order could be investigated. Nonetheless, trenergy is written as an expansion out to the sixth order,
decay of the long-range ordabo(1—T/Tc)?, in the crys-
tals of both Ref. 6 and Refs. 5 and 8 was clearly continuous F=ad2+bd3+cd*+ddb—dH/KgT,
and considered to be of the tricritical class even though the
critical exponentB was found to lie between 0.15 and 0.18, wherea, b, ¢ andd may be analytical functions i andH,
which was also found for other tricritical systerhs? d>0 for simplicity, @ the conjugate variable to the order
In an earlier study,the depth dependence of the critical parameterH the applied fieldkg the Boltzmann constant,
behavior abovel. was further explored and, nedi-—a  andT the temperature. In our alloy, a third-order term is not
temperature determined by extrapolation of the full width atpermitted by symmetry and, we must thus invoke a negative

0163-1829/2001/621)/2141016)/$20.00 64 214101-1 ©2001 The American Physical Society



J. TRENKLER, R. BARABASH, H. DOSCH, AND S. C. MOSS PHYSICAL REVIEW @1 214101

5

4
— 3
= 2
]
O
g 1
n
-c% 0.5
wn
s

4 8 12
Depth (um)

FIG. 1. Mosaic spreadogarithmic scalg vs effective penetra-
tion depth extracted from five different experiments wihk-5.9,
9.0, 10.5, 11.95, and 17.5kéMo Ka1l). The error bars are within
the symbol size. The fitsolid line) is to the function 0.2- 4.5 *
+0.64e 3, wherex is the vertical depth from the surface.

c)

fourth-order term and a positive sixth-order term to obtain a
first-order transitior(if H is zer.o _(fpr an gxplicit treatment, . fective skin layer at a constant depti, Displacementsu,, of

see Ref. 12 To re_vert to a tricritical point, one thus need the scattering cells; in different positions with respect to the dis-
only change the sign of the fourth-order term to convert thg,cation wall with two possible positions of the distance vegtor

phase transition from a tricritical transition to a discontinu-—r_ . (or Rg s,) between them; the gray field shows the decay of
ous transition. There is a good deal of literature on this pointy,o SltrzeSSTXy "Wwith distancex from the dislocation wall(b) Top

which invokes the influence of random bonds and randomyey of the network of the dislocation walls and their orientation
fields (see Ref. 13 and references thejeldowever, an ap-  (for the notation, see the textc) Arrangement of dislocation walls
plied (elastig field may also accomplish the same restiln ~ \ith a mean separatioD.
this paper, we describe in some detail the depth dependent
dislocation structure in our “skin layer” to which we must from a microscopic viewpoint can be attributed to a crystal
ultimately refer in explaining the change from discontinuouswith dislocation walls. A typical arrangement would be a
(first ordey to tricritical behavior. structure with dislocation walls with an equidistant distribu-
As noted earliet;*®in V,H, the hydrogen atoms occupgy tion of dislocations with Burgers vectgf111] within the
axis octahedral interstitial positions in planes parallel towall, thus providing pure rotation modes in the crystal as
(0 15, namely, theD, sites. The sample is in the form of a schematically shown in Fig.(d). The walls are arranged in
plate of thickness-1 mm. Both the edges and planes of this SUCh @ way that they form a parallelogram-shaped set con-
plate are normal to thigd 1 1] direction. Surface preparation Sidered from a top view, i.e., in the (0 3 Dlane. The ori-

consisted of a polish followed by an etching before loadingEntation of these walls is shown in Figl2 The number of
alls with Burgers vector+b and —b is assumed to be

with H at elevated temperatures. Of course, an oxide layef > Y= : !

automatically reformed on cooling. This layer penetrate€dual, as shown in Fig.(@. If the dislocation ensemble
about 200300 A, and the H depletion extends to exactly thgontains only such dislocation walls, it will result in the ap-
same depth and levels off at the independently measurddarance of local rotation fields in the crystal. In this case,
bulk compositiorf Thus the oxide formation, plus the re- there ywll be_practlcally no strain between them, wh|ch is
sidual polishing strain, is responsible for the defective skirSSociated with the translational component of the displace-

layer and the attendant mosaic spread. Our data, i.e., probifg€nt field. The existence of dislocation walls changes the
the defective skin layer whose mosaic spread is shown igcattering distribution about fundamental Bragg reflections

. . . = as well as long-range order superstructure reflections. Many
Fr'g' tli 'Sd COHiiCtre?l frgmn the rrl]ar[:)\(\ZLTrr;nmbtrllclg (to % }() i of the considerations presented here will also directly affect
crystal edge etiection geometry. ‘The bulk data taxen Iy, yigtrihution of critical diffuse scattering at the superlat-

transmission geometry probe these same planes. Planes e positions above the transition temperature.

the type (01} are the glide planes for dislocations in @ |f the dislocations are regularly arranged inside the dislo-
vanadium crystal with a typical Burgers veci11]. Aran-  cation wall, they create a displacement field which is the
dom_dlstrlbutlon of such dislocations would broaden theggme as that created by a single defect with a rotation field
(01 1) reflection in the radial direction. Such a broadening,around the axis» as shown in Figs. @) and Zc). The ori-
however, was not observed experimentally. Nonetheless, thentation of the wall is characterized by its normal,
skin layer of \,H is characterized by the enlarged mosaic=(111), and by the direction of rotation axie=(211). The
spread decaying into the bulk, in an exponential manneiintensity distribution associated with this arrangement essen-
0.2+4.5e"*+0.64e "3, as shown in Fig. Xand Fig. 2 of tially depends on the ratio between the mean distance be-
Ref. 8. This phenomenological parametgnosaic spregd tween dislocation walld), and the mean distantebetween

FIG. 2. Schematic representation of the dislocation walls in the
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dislocationswithin the wall in units of the interplanar spac- if, e.g.,s; ands, cells are on one side of the wall, or
ing. To analyze the influence of a local rotation field on the
scattering, we consider pure tilt boundaries formed by equi-
distant edge dislocations. The stress field, around such

x:”% ?Seecere':aize; exponentially with the distance from th?f, e.g.,s; ands; cells are on opposite sides of the wddig.

2(a)]. In the general case,

bx .
Tyt Sy 2T cos( 2#), T(RO,p) =ReT(RGp)+i IMT(RGp).  (5)

b
Q'Uss’r:_E(Q[wX(Rs_Rs'_ZRr)])v (4b)

h
For equal probabilities of the boundaries with opposite rota-

whereb is the magnitude of the vectbr It is this stress field  tion angles, InT(p)=0 and
and its gradient, which we believe to be essential to our
understanding of the conversion of a first-order bulk transi- [pn,| IR%n,|
tion to the tricritical transition in the defective skin layer. We T(p)=2 D +2 D 117004Q(w.XpO,)]},
again note that the data presented in this paper were taken ©oTe “ ®)
exclusively in the defective skin layer.

If h, is the distance between dislocations within the wall,whereD,, is the distance between thetype walls. Such an
one can consider this boundary as a single defect producingxpression forT(p) results in a strong asymmetry of the
a local rotation field®,, with a mean misorientation angle intensity distributionl(q) in the vicinity of the reciprocal

lattice pointGy,, wherehkl are conventional Miller indices
®,=b,/h,. (1) in the tetragonal notation.

_ In the radial direction, this leads to a sharp Lorentzian
We now letR, ,=R;n, be the vector between the walbnd shape of the intensity distribution

a parallel plane containing the origin of the coordinate sys-
tem(i.e.,n, is a unit vector perpendicular to the plane of the Ubi
wall containing the dislocation lingsThe translation strains l(dp)=lpi—==2—,
caused by the dislocation array decrease exponentially with 7 dp* dp;
the distance from the walf This results in different diffrac- whereqp is the deviation of the diffraction vector from the
tion conditions for radial and for azimuthal directions. exact Bragg position in the radial direction. Here the integral
If the planes of the dislocation walls in the skin layer arejinewidth, as commonly used, is given by;= 7s/D, (orin

distributed randomly, the intensity distribution, following the angular units by 6=\ secé/D), whereD is the average

)

approach in Refs. 17 and 18, may be described by distance between dislocations as in Fig. 2. The orientation
factor in the radial direction can be written as
I(q)<f2>) explig,p)exd —T(RS,p)], _
s,s’ s g_2a|(m'na)|' (8

The factors is determined by both the orientations of the
T=> ¢, [1-expliQ-Usy a)], (20  wall and by the diffraction vecto®;m=Q/|Q|. Such a de-
“« Y pendence for radial line broadening corresponds to classical

wherec, is the concentration of type dislocation walls, “Particle-size broadening.” .
p= RS— Rg, is the vector between two scattering celland The azimuthal intensity distributioi{q,), corresponding,

s’. We emphasize that the influence of the dislocation wall{ﬁr ms’;anctﬁ, tlo tlhe roc_:klgg cu_rt\)/edreblated to the main gxi
on the scattering distribution ienly characterized by the € azimuthal plane, Is described by

function T. The relative displacements,y between them 27 f2

(due to the Io_cal rotatipn caused by the subboundésigain 1(gy) = V2Q0)%¢

see Fig. 2a)] is then given by

_ _ 0
uss’ra_ Usra_ us’ra_{csr[wa Rs—R(]

XJ’ 4R p( P q?)
exp — -— 1,
*ROVALA,, 4RJ(QO)? A
—Csilwa Ry —R 11O, ©)

@ wherev is the volume of the unit cell, anfithe scattering
There are two different possible mutual orientations of theamplitude. The matriXA,, depends on the mutual orienta-
scattering cells: in the first case, both cells are on one side afons between the diffraction vect@ and the directions,
the wall (cells s1 ands2), while in the second case they are of the dislocation lines inside the walls in the azimuthal
on different sides of the wallcells s1 ands3) as shown in  plane(perpendicular to the diffraction vecioi,; may thus

Fig. 2(a). The scalar produd®- u is then given by be viewed as an azimuthal orientation factor. The integral
width in the azimuthal plane is then given by
b
Q- Ussr =+ (QLwXp]), (43 5qL:\/TA§§\/E®Q- (10)
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§2 FIG. 4. Simulated 3D intensity portrai#) and its projection in
= the transverse plane, forming a contour nihp in the azimuthal
w0t Y [o]“ 04 plane around the (01)1reflection at a penetration depth of about
3000 " 3000 = 2.4 um. qgq1 corresponds to thE11] rocking direction andj;qq to
Sas00] (d) T 1 Ses00) (g) . the [100] rocking direction. It is clear from Figs. 3 and 4 that the
] §2000 scattering is isotropic in the transverse plane, but resolution limited
21900 in the radial (01 ) direction. The images are shown on the frame of
g 1000 a cube simply for convenience.
€ 500
0

010 005 000 005 0.0 comparing the radial and rocking peak widths with the ex-
86, [ perimental ones, we were able to conclude that in the defec-

FIG. 3. Experimental rocking curveg)—(d) and radial curves tive skin layer, there remain essentially two sets of disloca-
(e)—(g), taken at different x-ray energies and momentum transferdion walls. These sets create a net of domain walls whose

yielding different penetration depthsia) corresponds to the misorienta_tion d_ecays_ with increasing depth into the bulk.
(0 1/2 12) reflection taken & =5.9 keV: (b) and(e) to (0 1 1) at The following orientations for these two sets were found:

E=5.9keV; (c) and(f) to (0O 3/23/2) atE=5.9keV; and(d) and
(g) to (0 3/232) atE=9.0keV.

n=3[111], w=%211], (119

n=3[111], e,=%[211]. (11b

In the simple case of two different sets of dislocation walls
with equal Burgers vector in the crystal, the scattering conFor such a geometry of the dislocation walls, £8). yields
tours around the pointS;,, will have the shape of thin disks an orientation factor{=0 in radial direction for any
considerably more extended in the azimuthal plane than id0 1 1)-type reflection. This implies that the intensity distri-
the radial direction. bution should correspond to the resolution function in the

A set of experimental rocking curves around selected funfadial direction, which is observed in the experiments.
damental and superlattice reflections are shown in Fig. 3, in  Within the rocking plane, such a net of dislocation walls
which the most shallow penetration depth in our skin layergives a broad intensity distribution. The 3D portrait of this
showed the greatest azimuthabcking) breath. The results intensity distribution and the corresponding contour map for
of our simulation, obtained for the scattered intensity of oura misorientation angl€ =0.0025rad at a depth of 24m
crystal with two sets of dislocation walls, having the orien-are shown in Fig. 4.
tations of the rotation axe®; and w, of the wall corre- From the experimental and simulated rocking curves, we
sponding to Fig. &), are shown in Fig. 4. The decrease of were able to quantitatively determine the misorientation
the misorientation angle of each dislocation wall with depthangle created by each dislocation wall as well as the distance
reduces the broadening in the rocking, i.e., mosaic, directioh, whereh/a is the number of interatomic distances,be-
without changing its shape. The input of each set of dislocatween neighboring dislocations in the wall for different
tion walls into the intensity distribution of each reflection depths, as shown in Fig. 5; a transverse coherence length of
essentially depends on the orientation factors. These am@bout 0.5um of the synchrotron radiation was assumed. The
clearly different in radial and rocking directions of reciprocal lateral distance between wall3, practically does not change
space. with depth, and is about 1000 interatomic distances. The

After the simulation of the intensity distribution for many change of mosaic spread with depth is thus solely related to
different sets of possible dislocation wall orientations, andthe decrease of the misorientation angle due to the increase
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' : Eq. (12), it follows that the temperature fluctuation behavior
120 : mainly depends or/1/Dh. As we demonstrated, the valbe
: decreases on approaching the surfééig. 5), and fluctua-
100 tions of the phase transition temperature become higher. Due
a0 to high fluctuationssty in small regions of the crystal adja-
. cent to a dislocation wall, locally ordered regions near the
S 4 | wall can appear at higher temperatures than the nominal
= i critical temperatureThe influence of dislocation walls on a
40 f phase transition is much stronger than the influence of ran-
\ dom dislocationsAs a result there exists a certain tempera-
20 : ture interval ;> > 61y, corresponding to the case where
: there are ordered regions near the dislocation walls occupy-
0 1 ing a relatively small volume of the crystal. The decrease of
0 2 4 6 8 10 12 the distance between dislocations inside the walls near the
Depth (um) surface(Fig. 5 results in a change of the conditions for the

phase transition in the skin layer. Scattering off defects may

FIG. 5. Increase of the distantéa (see the tejtbetween dis-  thereby result in a narroimore ordereficomponent, while
locations inside the wall vs vertical depth corresponding to a depthscattering from critical fluctuations results in a broader com-
dependent change of the misorientation angle. ponent of the intensity distribution in a continuous phase
: : _ . - transition. As a result, two-length-scale disk-shaped intensity
in the distance between dislocations within the wall. Theyigyribytions may appear near the appropriate reciprocal lat-
functional dependence in Fig. 5 corresponds to the change e points. Two length scales in the x-ray scattering from

the misorientation angle with depth, as noted earlier, an%ritical fluctuations were recently observed in CuGE®

creates a depth-dependent gradient of misorientations in thgne e the authors suggested that the effect is indeed due to
defective skin layer. One caveat should be noted: namely, OUislocations in the skin layer

use of the term “depth” throughout this treatment refers,
when compared with experimental data, to an absorption
weighted depth.

In summary, we have clearly shown a network of dislo-
cation walls corresponding to our experimental data. We
Finall hould in di ing th | h | were able to determine quantitatively the misorientation

ina y,hwe shou nlotg, in |scu|ssmgt € tvx:co] ength-scale;yje created by each dislocation wall as well as the distance
pattern, that our analysis may also be useful wheoeh  , hoyyeen neighboring dislocations inside the wall for differ-
length scales show a critical behavior. The above dlslocatlognt depths. We also have discussed a mechanism increase
walls fom.‘ regions with large-scale mhomqgenemes W'.th aWhereby fluctuations of the phase-transition temperature in
characteristic siz®. They create effective fields perturbing o skin layer can be associated with dislocations. Nonethe-
the crystal symmetry, and they destroy true long-range CrySgq our principal purpose has been to provide a mechanism

talline order in a three-dimensional crystal. With decreasinqh&It can initiate the conversion of the order of the phase
temperature, they result in a complicated state with dncferenfransition in our \AH crystal from a first-order transition in

signs of the long-range order parameters in the regions ad]i?ﬁe bulk to a continuoustricritical) transition in the defec-

cent to, or distant from, the walls. Following the approg_chtive skin layer. By this we mean, as noted in Sec. |, that it is

he applied strain field of the dislocation walls and its gradi-
ent that may drive the change of the order of the phase tran-
sition. The origin of the two length scales must therefore
Biffer from prior work, in particular Ref. 20, as in ¥ it
represents a change in the order of the transition.

temperaturelo(r) and its fluctuations5Ty=Ty(r) 7.

We can relatedry to the distance between dislocation
walls and to the distance between dislocations inside th
walls. Fluctuationsdt, in the presence of dislocation walls
can be written as

0 This work was performed jointly at the University of
Sro= vabeb /iInE _ aTe (12 Houston under the sponsorship of the National Science
0™ Xo Dh''h’ X° TOoP" Foundation on DMR97-29297 and at the Max Planck Insti-
tute fir Metallforschung, Stuttgart, where both R. B. and S.
HereP is a pressure is the dilatation modulusT® isa  C. M. were visiting scientists; we thank both organizations

phase transition temperature for ideal crysgals the orien-  for their support. We also wish to thank W. Donner for as-
tation function for a dislocation and is of order unity. From sistance with the paper.
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