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Surface phase transition close to a bulk tricritical point: An x-ray study of ND,CI
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Investigations of the near-surface critical behavior close to the bulk tricritical point gEN&ngle crystals
are presented. The order parameter is expected to follow universal power laws with a temperature-dependent
crossover from the bulk to the surface exponent. In contrast to the theory the measurements show an evidence
for a surface layer with a constant nonvanishing order parameter. The thickness of this layer increases in
temperature and seems to diverge at the critical temperature. The results disagree with the expected universal
behavior of surface order parametdiS0163-182809)07505-0

I. INTRODUCTION which appears in ammonium bromides at normal presSure.
In the disordered phase the lDetrahedra are flipping al-

In the past, phase transitions of semi-infinite systems haveost independently between the two alternative orientations.
been studied extensively. Depending on the special propeifhe order parameter of the ferro-ordered phase is given by
ties of the system, several universality classes of surface
phase transitions were found with different critical behavior N, —N,
compared to the respective bulk transitigese, e.g., Ref.)1 m= N.+N,’

In the simplest case, the order paramei€e, T) decays ex- P

ponentially in the direction perpendicular to the surface withwith the numbem; of spin-up andN, of spin-down states.
the bulk valuemy(T) for z—o and the surface order param-  For the ammonium halides a generalized phase diagram
eter valuemy(T)=my(T) at z=0. For continuous phase may be obtained which shows a bulk tricritical point
transitions the decay lengtf{T) of the order-parameter pro- (TCP).}* The TCP can be reached by applying hydrostatic
file is temperature dependent and diverges at the critical tenpressure. For NECI this pressure is only about 150 HarAt
peratureT, .23 Both my(T) andm,(T), follow power laws. normal pressure the transition is almost tricritical with a tiny
With the reduced temperature=T/T.—1 they are formu- first-order componerf The bulk TCP is well-known and
lated asmy(T)~|7|# andm;(T)~|7|#1, with the universal has been investigated in the past with various metfds.
critical exponentsB and B,. In general,B, differs signifi-  Thus ND,Cl seems to be an adequate system to investigate
cantly from B.* For example, the common Ising-model the surface phase transition at a bulk TCP.

renormalization theory yield$3=0.325 andB,=0.80 in

three dimensions for a one-component order paraméter. Il. GENERAL ASPECTS

Surface phase transitions, which are caused by the abrupt
loss of the three-dimensional symmetry of a single crystal An order-parameter profilen(z,T) instead of a spatially
directly at the surface, are theoretically well understood angonstant valuen(T) is caused by the breaking of the trans-
various detailed predictions were magee, e.g., Refs. 1 and lational symmetry of a crystal at the surface, i.e.zat0."
5-7). Compared to the large body of work, which was doneWithin the Landau theory an explicit form
in the past concerning the theory of surface phase transitions,
only few experimental studies exist which essentially have ~ mM(z,T)=my(T)—[my(T)—my(T)]exd —z/&(T)], (1)
confirmed these predictiofis!! This is due to the difficulties _ _ ,
which arise when surface phase transitions are investigatef?2y P& obtained with a decay lengtiT). In the following,

(i) The systems have to be simple to fulfill all assumptions ofV€ will concentrate on x-ray scattering experiments to inves-
the theoryii) the sample surfaces should be of high quality,t'gate this behavior and here mainly on grazing incidence

and i) an adequate surface sensitive probe has to be foundiffraction (GID) (for a review of this method in connection
We present investigations on NOI. The bulk critical with surface phase transitions see Dosch and references

behavior of ammonium halides NX (with X=H, D and thereir?). GID is a surface sensitive probe where the penetra-
Y=Cl, Br) is very well-known(see, e.g., Refs. 12 and )13 tio_n depthA of the x rays is (_)nly on_the or(_ier of 50,...,2000
They exhibit an Ising-like orientational order-disorder tran-A in the total external reflection reginfgrazing anglesand

sition. The two possible orientations of the ammonium tetraiNCreases up to several microns for 'afg‘?f qngles OT Inci-
hedra correspond to th@oseudo) spin-up and spin-down dence. Hence, the measured signal contains information av-

states, respectively. These pseudospins are coupled by a graged over the vertical distande Assuming an exponential

rect octupole-octupole interaction and an indirect octupoledecay of the signal inside the sample, the observed averaged

dipole-octupole interaction via a displacement of the halidg’rder parameter profile by GID is

ions. The former interaction dominates in ammonium chlo-

rides and leads to a ferro-ordered low-temperature phase. (M(z,T))y=my(T) — My(T) —my(T) %)
The latter is responsible for the antiferro-ordered phase, AT 1+A/ET)
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10° p—rrr e octupole interaction between the NDetrahedra, which is
- 8‘\” A responsible for the ordering process, leads to an
E e . 1 additional  mean-field-like  potential W[q,m(T)]=
s e ] —619[m(T)]?R% (mepa’), whereq is the effective charge
N Al 3 of a D atom = +1/4), R is the distance of the D atoms
5, e ¢ ,,’ 3 from the central nitrogen atom, and is the lattice
T\ 1 constant®? The standard mean-field-like potential for ionic
< L) - A= 5 ] crystals is then given by
e A0 3
St B ] A C
g ] E(N)=—++5+Wa,mT)] &)
1073 PR ESTH] SR FRTH B T with the usual constant, C, andv (e.g., Ref. 21 The third

L il ! m m
-5 i -3 ~2 -
10 10 10 10 107 10° term on the right-hand side of E¢R) yields an anomalous

contraction of the lattice, which can explicitly be calculated
FIG. 1. Calculations of the crossover from the bulk to surface@S

critical behavior, based on E¢2) with an universal power lavé

=|7/7Y? and the reduced temperature=T./T—1. A and ¢ are Aa(T)=[m(T)]*-c 4

given in units of lattice constants. with c~0.01A. Experimentally, this was confirmed by

with the limit (m(z,T)) ,—m;(T) for A—0. Since¢(T) is  X-Tay scattering measurements on bulk JaD**%° More
almost zero foiT—0 K and diverges aT,, for systems with ~quantitatively, Eq(4) means that an order-parameter depen-
continuous phase transitions, a smooth crossover from bul@€nt contraction with a maximum of 0.3% of the lattice con-
to surface critical behavior is expect®@he crossover tem- Stant[a(Tc)~3.86 A] is expected. _

perature is determined by and the properties af(T).° For In the present study we have used this effect for the mea-
the particular case of NjTI the universal critical exponents Surement ofm(z,T): The temperature-dependent shift of
of a TCPB=1% (bulk) and 8,=2 (surface are expected. Bragg positions as a function of the penetration depth of the

Figure 1 depicts calculations which can directly be compared '@Ys was monitored by GID experiments. The penetration
with the measurements. depth A of the x rays can be controlled by the incident and
In the past, the bulk order parameter of ) has been exit angle. It is well knowngthat this configuration covers a
determined by neutron-scattering experiments. The neutrorj&"9¢ ofA=[1C%... 1G] A.° Thus the order parameter pro-
scattering length densities of CI, N, and D atoms allow arilé can be measured by choosing adequate penetration
investigation of the phase transition via distinct changes of!€Pths and applying E@2) to extract the critical exponents.
the structure factofsee, e.g., Refs. 15 and JL@owever, 1OWever, it should be pointed out that by measuring Bragg
surface sensitive GID experiments with neutrons often laciP0Sitions instead of intensities ndirect access to order-
both on intensity and collimation of the incoming radiation. Parameter fluctuations is possible.
Furthermore, very large samples are required. Therefore the
present system cannot be investigated by neutron GID. lll. SAMPLES AND EXPERIMENTAL DETAILS

As mentioned aboven(z,T) depends on the number of A single crystal of NQCI of size (5<5x 5) mn?, which

spin-up and spin-down oriented NDetrahedra, and thus on was approximately 98% deuterated, has been used for the
the distribution of the D atoms around the [{nolecule. As measurements. It was grown by B. N. Brockhouse, M. Col-
the x-ray structure factor is connected with the electron den;ns and J Garrett. McMaster Uni'ver'sity Canada and is a
sity, which is very small around the D atoms, a change of the,osaic crystal consisting of crystallites of about 1 micron
order parameter of NIZI leads to only very small changes yiameter. The mosaicity was determined to be 0.035°.

in the Bragg intensities. Detailed calculations reveal that the  gjnce it is not possible to cleave NOI crystals along
expected intensity change of Bragg reflections is always lesgrytalographic planes to obtain atomically fiat surfaes,
than 2%° This change is too small for accurate surfaceyq sample was prepared by sawing along[#t8] direction

phase-transition studies. and by applying subsequent polishing steps. After the prepa-
Furthermore, the phase transition shows no effect on th?ationytheppszrfgce hadqa misgut of a%outpo.i° and a rgacF;o-

crystallographic structure of the IatticeExcept for a loss Ofscopic curvature with a radius of about 10 m.

point symmetry (ferro-ordered phaseP43m, disordered The microscopic quality of the surface was checked by
phase:Pm3m). Therefore the above-mentioned change ofx-ray reflectivity and diffuse scattering measureme(sese
the structure factor is only visible at Bragg reflectidnd  Fig. 2). To obtain the rms roughness, the in-plane corre-
with h,k,I #0 and no super lattice reflections will appear. lation lengthés, and the Hurst parameteér (fractal model;

In summary, the surface phase transition of J8fDcan  see, e.g., Ref. 24he standard way to analyze the data was
hardly be monitored via intensity measurements, even if higimot applicable. Usuallyr is determined by subtracting the
brillance synchrotron radiation would be used. diffuse scattering from the reflectivity data and fitting the

Another way to investigate the order parameter of ammotrue specular reflectivity. In our case this procedure fails,
nium halides is the measurement of the temperature depehecause the whole signal is almost dominated by the diffuse
dence of the lattice constant, since the lattice constant dfcattering(see Fig. 2, right Therefore the reflectivity and
ND,Cl couples to the order parameter: The octupolethe diffuse scattering measurements have been refined simul-
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FIG. 2. Left: Reflected intensity vs perpendicular wave-vector transfesf the ND,Cl surface. Right: Transverse scan alampgat
constanty,=0.0456 A", The lines are fits of the data.

taneously: The calculation of the reflectivity contains the trueBecause of geometrical effects the GID reflections are much
specular part and the diffuse scattering at the specular podiroader than the resolution function. The respective full
tion. The same parameters were simultaneously used for theidth at half maximum is determined by the footprint of the
explanation of the transverse scan. This method has beqwimary beam on the sample surface.

described in some more detail in a paper by Schlomka Four different nominal penetration depths A (

et al® For the NJCl sample the values = (67+5) A and  <[50,1000,4000,10 0Qk) were chosen for the GID mea-
hs=0.31*+0.15 are obtained. The fit is almost insensitive tosurements. The values of the incident and exit angles corre-
a change ok, which was set to 1000 A. These parameterssponding to these penetration depths depend on the photon
indicate that a jagged surface with a rather large surfacenergy and the sample properfiesmd were in the range of
roughness is present. 0.05,...,0.5° for the present study.

Obviously, the obtained surface is less perfect than those
used in previous studies where mainly metals and alloys
were investigated?® This finding is not suprising, because it
turns out to be extremely difficult to prepare smooth and The bulk phase transition has been characterized before
clean surfaces of NEZI crystals. This is not only due to the the surface sensitive measurements were performed. We
softness of the samples, which makes it impossible to cleavisund a critical temperature of.=(248.94-0.30) K. The
a crystal. Additionally, any contact with water or fluids con- error is caused by the fact that absolute temperatures cannot
taining H atoms has to be avoided since jADtends to be measured more accurately with our setup. However, the
exchange the D atoms with H atoms. Furthermore, the cryserror in determining temperature differences was only 0.01
tals cannot be annealed because strong sublimation také&s
place for temperatures higher than 350 K. The effect of the As mentioned above the order-parameter prafile, T)
large roughnessrs on the surface phase transition will be of ND,Cl was analyzed using the temperature and penetra-
discussed in Sec. IV. tion depth dependent shift of the 100 surface Bragg position.

The sample was fixed onto a copper holder using a gludypical data are depicted in Fig. 3. The reflections exhibit an
with high thermal conductivityPolytec EPO-TEK41) The integrated intensity of about 10 counts/s, corresponding to
temperature sensor, a platinum resigtéeraeus Pt10Qwas less than 108 of the primary flux.
placed in direct neigborhood of the sample. The copper The left part of Fig. 4 shows the temperature dependence
holder contains a heating wi®hilips 1Ncl05 and was lo-

IV. MEASUREMENTS AND RESULTS

cated inside a high-vacuum chambgpherical Be can by 0.25 ——————T—T—— T

Degussy which was evacuated to a pressure of 3tbar I ) t 2

and connected to a He closed cycle cryostatybold 6.20 o fit E

Rw400Q. The temperature was set by a controlieake- E T 9

shore 33D and was varied in the range 190-300 K with a & E;igﬁ

stability of 0.01 K over several hours. The setup allows bulk § 015 T=293K

as well as surface sensitive measurements. For further details .©,

see Ref. 19. >o010L ]
The x-ray experiments were done at the beamlines BW2 @

and W1.1 at the synchrotron radiation source HASYLAB £

(Hamburg, Germanywith a photon energy of 8 keV. A po- T 005 ]

sition sensitive detectdiPSD was placed at the position of C

the 100 GID reflection. The temperature-dependent shift of 0.00

the Bragg reflection was monitored without moving any mo- 22.8 23.0 232 23.4 236
tor, only by analyzing the shift of the peak in the PSD spec- ¢ [deg]

tra. With this method the change of the lattice constant F|G. 3. Examples of GID measurements of the 100 surface
Aa(T) was measured very accuratéthie error ofAa(T) is  Bragg reflection. The position of the maxima shift with tempera-
on the order of 5 10~ *A]. For scans close to the 100 bulk ture. ¢ is the scattering angle, lines are fits with a combination of a
Bragg reflections the resolution wakj,=0.25<10 3 A. Gaussian and a Lorentzian.
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FIG. 4. Depth dependent values of the lattice consadii). The left part shows the overall behavior, the right is a magnification of the
region close taT.. The arrows mark the crossover temperaffiggat which the general curvature changes. The lines are guides to the eye.
For clarity the curves for each are shifted with respect to each other.

of the lattice constana(T) as obtained from the measure- data of a bulk measurement at the 311 Bragg reflection are
ments. Apart from the usual thermal contraction an addiincluded to illustrate the penetration depth dependent behav-
tional contribution due to the coupling afi(z, T) with a(T) ior. As e; depends quadratically om(z,T) [see Eq.(4)],

[see Eq(4)] is present. The right-hand side of the illustration this result can be directly compared with the expected theory
displays a magnification of the region arouhgdand shows shown in Fig. 1.

that the temperature dependence of the lattice constant close Before discussing the data of the surface sensitive mea-
to the transition temperatuf®; depends significantly on the syrements it should be mentioned that the bulk investigations
penetration depth. For the two smaller penetration defths dig not yield the tricritical value of 1/4 foB. This is well
=50A andA=1000A a temperatur&, can be identified ynown for ND,CI and in the past often observed
(marked by arrows which indicates a kind of crossover. experimentally51621The reason is the coupling of the order

This feature is not vi_sib!e for the Igrger penetration delOths"parameter with the lattice constant. The ordering potential
For a more quantitative analy_S|s a {.@gOglO plot of the W[g,m(T)]~ 1/a’ depends on the lattice constdas shown
reduced lattice constarithe elastic straire;, see Ref. 2y above thus a modification of the critical behavior, essen-

versus the reduced temperature T/T,—1 is given in Fig. . i B ' ;
5. The reduced lattice constant was determined by subtracg-aIIy a self-amplification of the ordering process négy is

ing the linear thermal contraction, which was calculated by Xpected. By introducing a rescaled critical temperaliyre

; ; . . =TJ1-Aa(T)/a(Ty)]’, the critical behavior of NECI
linear regression using the data points witkr252 K. The was explained in a previous stuésee Ref. 20 However, as

the error bars of the surface sensitive measurements are
much larger than those for the bulk measurements this “res-
caling” is not visible. Thus we used the standard procedure
] of data analysis to determine the critical exponents which is
basically a linear regression on a |gdog; scale.

The data corresponding td =10*A almost match the
known bulk behavior sincA > ¢ holds for all temperatures.
For A=4000A a “crossover” appears that is even more
clearly visible for the smaller penetration depths
=1000A and A=50A. The crossover temperaturk,,
strongly depends oA: The smallerA the larger is the dis-
tance betweerM., and T;. In the regionT ,<T<T, the
lattice constana(T) remains constant within the error bars.
This finding is incompatible with a smooth order-parameter
profile suggested by the standard theory of universal critical
behavior, which is mentioned above and discussed in detalil
in Ref. 9. Instead, a profile with rather abrupt changes of
m(z) is found that may be interpreted as a layer at the sur-
] face with the following propertiegi) The thicknessl(T) of

. el Lo this layer drastically increases when approachingfrom
107 107 1072 107" below. (ii) The order parameter is constant within this layer
but does not vanistsee Fig. 4. In this pictureT ., marks the

FIG. 5. Logglog;q representation of the reduced lattice con- tempergture above whiah(T) significantly exceedd.. The
stant(straine,) versus the reduced temperature T/T,— 1 (sym- ~ data yield d(T¢—1.0K)~50A, d(T.—0.6K)~1000A,
bols are data, lines are fitsincluded is an example for a bulk d(Tc—0.4K)~4000A, andd(T.—0.15K)~10'A (see in-
measurement at the 311 reflection. The crossover tempeiyie  Set of Fig. 5. It should also be noted that these values, ex-
given by the left end of the lines. The inset shows the thickdesf's ~ cept for the first, are much larger than the measured surface
the modified surface layeisee text vs the reduced temperature. roughnessrs. However, the surface roughness and the cur-
Error bars are shown if they exceed the size of the symbols. vature of the surface yield a rather large uncertainty in the

1072 ey e .

[ 0 28=0.452 (A= 50R)

I © 28=0.391 (A= 1000R)

[ & 28=0.313 (A= 4000R)
¥ 28=0.255 (A=10000R)

[+ 28=0.261 (bulk)
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precise determination of the penetration depths. This fact anspeculate about the following: As mentioned above for the
the error bars of the data lead to a total error of almost 50%ulk system the secondary order parameter, which is the
for thed(T) values. A power-law fit yieldsl(7) ~|7| ~* with  temperature-dependent variation of the lattice constant,
«=3.3=0.8 (see inset of Fig. b If we tentatively identify  yields the same critical exponeptas the primary order pa-
the thicknesslI(T) with the decay lengtlé(T) given by Eq.  rameter(the averaged orientation of the NDetrahedra®®

(1) the exponenk=3.3+0.8 is far above all known values In the near-surface region this may not be true and a more
of critical exponents’ (e.g.,é~| 7| ~” with v=0.5 at the bulk  complicated relationship between,(T) anda(T) may ex-
TCP). Furthermore, an additional systematical effect can bést. Here we hope that our measurements will stimulate fur-
evaluated from the data. The smaller the penetration d&pth ther theoretical work.

the larger is the deviation from the bulk critical behavior,

which is expected to appear far<T.,. In summary, the V. SUMMARY

behavior described above differs completely from all predic- The surface phase transition behavior of a tricritical sys-

tions of the theory which are plotted in Fig. 1. . . . .
It is well known for several other systems, that a surfacetem was investigated with x-ray GID experiments. A JID

region with enhanced ordering/disordering may appear fo§|ngle crystal with an Ising-like order-disorder transition,

temperatures close to the transition temperature Exammevghich is very close to a tricritical transition at normal pres-
are near-surface freezing of alkanes and alkane mixture gr:]e’er:tn(rje—-l(-jce: ((ai?jz.r?tazr?j.:r)-Karavrvnaesterm;loi(slzgra;tegé _A
surface melting of ice, or layering at the surface of liquid peralu P ) P P IS eX
metals?®2=3°The layer described in this paper may also pePected with a diverging decay lengéfT) for T—T,. De-
interpreted as a kind of “frozen spin” layer. But this is pending on the penetration depthof the x rays a crossover

highly speculative because no such ordering has been (from the thIk behawortto surfatcc(ra crltécal behavior shotuld
ported for ammonium halides so far. appear at a crossover temperatiig. Our measurements

As pointed out in Sec. lll, the surface of the sample was'e incqmpatiple with these predictions. '_I'hey may be i_nter-
not perfect. In particular the surface roughnessrgé 67 A preted in a (_jlfferent manner by assuming a layer W'th. a
may cause modifications from the expected surface behavi6?mperature—|nerendgnt finite ord'er parameter. The thick-
at least for small penetration depths. But it turned out that thQ?SSd(T) of this Iaye_r increases with — T, a[‘i' seems to
GID reflections measured with a hominal penetration deptr‘ij'verge afle. ASS“'T"”Q a power lawd(7)~|7]”* an expo-
of only A =50 A were not broadened or shifted compared tohent of k=3.3+0.8 is found which does not correspond to

those which correspond to the bulk valuerot 10* A. Thus any known critical exponent. An explanation of our data
the roughness does not lead to “dead layetstith a de- within a microscopic model is not yet available. However,

stroyed crystal structure. In addition, it is theoretically pre-We would like to mention that the assumption of a layer with

dicted, that for “ordinary transitions” surface roughness has? temperature-independent finite order parameter is highly

L - - speculative and we hope that the presented data may be the
;Sfr? l;gg:r ?P?:r? t{hz trr;igdhice?sie?it{(rs)_ 3222”—?-(hzigguls_ base of further theoretical developments.
gests that the observed effect is real and not caused by im-
perfections of the surface of the investigated crystal.

Since we have not measured directly at the TCP another We would like to express our gratitude to B. N. Brock-
possible source for the unexpected behavior of the sampleouse, M. Collins, and J. Garrett, McMaster University,
may be the remaining tiny discontinuitfirst order compo- Canada for preparing the NDI sample. We also thank Th.
neny at T.. However, the surface phase transition of J8H  Brickel and U. Briggmann for the support at the beamline
(with a comparable discontinuity in the phase diagrdmas W1.1 and W. Drube for the support at the beamline BW2 at
successfully been studiéd. Furthermore, one may also HASYLAB.
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