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the resistivity anisotropy and this explains that
the transverse magnetoresistance was found neg-
ative for Tb, Dy, and Ho and positive for Er.

We have reported in this Letter the observa-
tion of the resistivity anisotropy of dilute mag-
netic impurities (to our knowledge this is the
first clear observation of such an effect). This
effect is interesting because it should give infor-
mation on the coupling of conduction electrons
with the quadrupolar moment of RE impurities
and also because it should be very sensitive to
the CEF structure. Similar experiments for
transition impurities would also be of interest,
as they could provide evidence of small orbital
contributions to the magnetic moment.
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Deuterium Lattice Location in Cr and W+
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Direct determination of the lattice location of implanted deuterium in single~-crystal
chromium has been made for the first time. Ion-channeling measurements of the angu~
lar distributions along the (100) axial and {100} planar directions indicate that implant-
ed D occupies the octahedral position in bee Cr. This contrasts to the expected tetra-
hedral interstitial position recently observed under the same conditions for becc W. These
results further clarify the apparent anomaly in the thermodynamic data for hydrogen solu-

bility in Cr.

Fundamental structural information for hydro-
gen in transition metals is particularly important
because of the great theoretical and technological
interest. The low solubility of hydrogen in chro-
mium and tungsten (group VI B) has prevented
previous measurements of the lattice location of
hydrogen by the usual technique of neutron diffrac-
tion. Recently ion channeling has been applied to
studies of the lattice location of hydrogen in sin-
gle-crystal metals.”? The first lattice-location
data for deuterium in W have been obtained by com-
bining ion implantation with ion channeling and
nuclear-reaction analysis.? These results showed
that the implanted deuterium resides in the tetra-
hedral interstitial site, which is the expected site
in bce metals. The absence of any lattice-loca-
tion data for hydrogen in Cr and the apparent in-
consistency in the thermodynamic results for hy-
drogen solubility in Cr relative to other bece and
close-packed metals® suggested that the hydrogen
lattice location in bce Cr could be other than the
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expected tetrahedral site.

This Letter presents the first lattice-location
data for hydrogen in Cr and shows that implanted
D occupies the octahedral interstitial site and not
the tetrahedral site previously found for implant-
ed D in W. The results provide a direct compari-
son of the lattice location of D in Cr and W by the
same technique and indicate anomalous high-tem-
perature hydrogen-solubility behavior of Cr rela-
tive to the other bce metals.®

The {(100)-oriented single crystals of 99.995%
pure Cr and 99.999% pure W were obtained from
Metals Research and from Materials Research,
respectively. The D was introduced by ion im-
plantation into the (100) faces of Cr and W sam-
ples along a nonchanneling direction 7° from the
(100) axis. The 15- and 30-keV D" ion implanta-
tions were made, respectively, into the Cr and
W samples by accelerating the molecular species
D," at a factor of 3 higher energy. Implants were
performed at 296 K to fluences of 3x10*®* D atoms/
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cm?®, The projected range for 15-keV D" in Cr
is 1140 A and for 30-keV D* in W is 1270 A.*

Ion-channeling analysis was performed with in-
cident 750-keV 3He ions by monitoring the ion
backscattering from the Cr and W, and by using
the nuclear reaction D(He, p)*He to monitor the
implanted D. This nuclear reaction has a @ val-
ue of 18.3 MeV and a peak cross section ~70 mb/
sr at a *He beam energy of ~650 keV. A 300-
mm? surface-barrier detector with 500-um de-
pletion depth was located at a scattering angle
~135° with a solid angle = 0.1 sr.

Angular collimation of the incident beam result-
ed in an angular divergence (full angle) < 0.06°
and the angular resolution of the goniometer was
0.01°. Single-channel analyzers were set to ac-
cept the Cr and W signals from depths corre-
sponding to the ranges of the implanted impurity.
Further details of the technique can be found in
Ref. 2.

Angular channeling results for (100) scans of
implanted D in Cr and W are shown in Fig. 1. The
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backscattering and nuclear-reaction yields have
been normalized by the random (nonchanneled)
yields. The random levels indicated by the dashed
lines at 1.0 correspond, respectively, to ~4000
and ~ 14500 counts for scattering from Cr and W,
and 610 and 180 counts for the reaction yield from
D in Cr and W. The low backscattering minimum
yields of 1.7 and 1.1% for the (100) axis in Cr and
W, respectively, observed prior to implantation,
indicate good crystalline quality. For W the
strong enhancement in the D yield (flux peak) is
seen with a full angular width of 0.2° and a maxi-
mum relative yield of 1.8, whereas the W chan-
neling critical angle is observed to be 2,01°, In
contrast to W (where the D yield does not drop
below the random level), the (100) data for Cr
show a sharp flux peak with maximum relative D
yield of ~1.3 and width = 0.3° superimposed on a
broad dip with minimum relative D yield of =0.73.
The angular width of the D dip of =1.4° is similar
to that observed for the Cr of 1.38°. The yields
and angular widths for Cr and W suggest that the
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FIG. 1. Angular scans through the (100) axis for (a) W and (b) Cr for 3x10!°/cm?® 30- and 15~keV D implants,
respectively, at 296 K. A 750-keV *He analysis beam was used; circles correspond to backscattered yields for W
and Cr, and triangles correspond to proton nuclear-reaction yields from D. ‘
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FIG. 2. Planar angular scans through the {100} plane for (a) W and (b) Cr with the same conditions as for Fig. 1.

D is in the tetrahedral interstitial site in W and
in the octahedral interstitial site in Cr.

Schematic inset diagrams for a (100) projection
of part of the unit cell show the locations and rel-
ative abundances of the two interstitial sites by
the square boxes. The circles represent projec-
tions of the (100) lattice rows. None of the tetra-
hedral interstitial sites are shielded by metal
atoms along the (100) lattice rows, whereas 5 of
the octahedral sites are. For D in Cr the broad
D dip (yield =~ 0.73) approaches the expected 3 re-
duction (yield = 0.67) with an angular width simi-
lar to that for the Cr lattice, in agreement with
3 of the D atoms being along (100) lattice rows.
Also the narrow central flux peak is consistent
with % of the D atoms in the center of (100) chan-
nels. In contrast a central flux peak with no dip
is observed for W as expected.

Another important check on this interpretation
is the data along the {100} plane shown in Fig. 2.
Here % of the tetrahedral sites lie in {100} planes
and 5 lie between the planes, whereas all of the
octahedral sites lie within {100} planes. The da-
ta agree with the interpretation given in that D
in W suggests a small flux peak superimposed on
a dip, whereas the D in Cr exhibits only the dip.
In addition, the planar D dip in W is % of that in
Cr.

From the magnitude of the D minimum yield in
Cr for the (100) axis we conclude that = 82% of
the D atoms occupy octahedral interstitial sites.
We need to consider also the additional data of
the narrowness of the axial flux peaks and the in-
creased yield and narrowing of the planar dips.
The degree of D localization is given most ac-
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curately by the detailed shape of the dips. In-
creased vibrational amplitudes or slight displace-
ments of the equilibrium position of impurities
from shielded sites can lead to narrowing and in-
creased yields of channeling dips. Considering
the light mass of D, increased vibrational ampli-
tude of the D relative to the lattice gives the sim-
plest explanation of the data. Calculations based
on the average-potential model indicate that quite
large rms vibrational amplitudes, e.g., = 0.3 A
in Cr, would be required to observe flux peak
broadening; however, for D dips small ampli-
tudes only slightly greater than that for the lat-
tice, i.e., =0.11 A for Cr, will result in smaller
and narrower D dips. The observed D dips for
the Cr and W {100} planes are both 60% smaller
(#10%) and, respectively, 10 and 20% narrower
(£ 15%) than the fraction of D atoms within the
plane. No narrowing can be resolved for the
(100) D dip in Cr but there is some evidence® that
the (100) impurity width for the octahedral site
can be wider than the host dip. Continuum-model
estimates indicate that the planar data can be ac-
counted for by D vibrational amplitudes of the or-
der of 0.3 A. This value is greater than the rms
values of 0.16 A in Cr and 0.14 A in W predicted
for D with the same force constants as the lat-
tice atoms. The distance between octahedral and
tetrahedral sites is 0.72 and 0.79 A for Cr and w,
respectively. Therefore, the axial data put se-
vere constraints on multisite occupancy models
which have been postulated® as possible for hy-
drogen in metals. For the present cases of Cr
and W one of the two interstitial sites clearly
dominates, in terms of the time-average spatial
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FIG. 3. Correlation between relative partial excess
entropy, AS,%S, and relative partial enthalpy, AHy, of
1H in metals: open circles, bec metals, closed circles,
fce and hep metals. The data points for Cr at the top of
the broad arrows were originally plotted in this figure
from Refs. 8 and 8 based on tetrahedral site occupation.
The values at the points of the broad arrows are the
same data points using the new result of octahedral site
occupation,

distribution.

We believe the octahedral position may also be
the equilibrium position for dilute 'H in Cr. An
additional indication of the anomalous behavior of
dilute 'H in Cr relative to other bcc metals is
given by 'H solubility data. Gallagher and Oates®
have observed the systematic trend reproduced
in Fig. 3 which shows their plot of partial excess
entropy AS,*S and relative partial enthalpy (heat
of solution) AHy of *H solution in the indicated
metals. The open circles are bcc metals and the
closed circles are the close-packed fcc and hep
metals. The plotted points were obtained from
'H solubility versus T data using

RT In(py,"?/Xy) = AHy - T(AS*5+ R InB),

where Xy is the atom fraction of dissolved hydro-
gen, p the pressure of H, over the solid, R the
gas constant, and B is the number of interstitial
sites per metal atom. To obtain AS*S the con-
figurational-entropy term, R In8, must be deter-
mined from lattice-location data. Gallagher and
Oates® assumed the *H was located in tetrahedral
sites in the bce (8=6) and hep (8=2) lattices and

in octahedral sites in the fcc lattices (8=1).7

(The 'H lattice locations had not been measured
for Cr and W,) We note that the Cr point original-
ly plotted by Gallagher and Oates as well as a
new point® at a lower AHy value (at the top of the
broad arrows) both fall intermediately between
the lines drawn through the bee and the fee/hep
data points. If we introduce our new information,
which indicates hydrogen will occupy the octa-
hedral interstitial site in bce Cr(8=3), the Cr
points move down as shown by the arrows to
group with the fcc metals where octahedral-site
occupancy also predominates. The plotted point
for W could possibly have large experimental un-
certainties since data from several other investi-
gators disagree markedly.®®

The reason for the empirical thermodynamic
correlation of Fig. 3 is not known. While reason-
able differences in the vibrational contributions
to the entropy® are consistent with the difference
in magnitude (=R 1ln6) between the two lines, more
vibrational data are necessary to explore this
possibility, Based on our results for Cr it does
not appear that the two lines result from a simple
partition between the bce and the closed-packed
fcc and hep metals.

Based on the implantation-channeling data and
the empirical correlations in the thermodynamic
results we suggest that hydrogen occupies the
octahedral interstitial position in Cr and the
tetrahedral interstitial position in W, The exact
reason for this difference awaits a detailed elec-
tronic-structure calculation.

We gratefully acknowledge expert technical as-
sistance by R. G. Swier.
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In the case of hep Ru McLellan and Oates (Ref. 3) as-
sumed octahedral site occupancy (8=1) because of the
low solubility of H in Ru and other similarities to Ni,
Ir, and Rh.
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Optical Properties and Electronic Structure of Polymorphous TICI and TIBr
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TICl and T1Br can be forced to crystallize in the NaCl structure by evaporation on
alkali-halide substrates, whereas they usually grow in the CsCl structure. Optical mea-
surements on fce layers of TICl and T1Br are described for the first time. They are in
good agreement with relativistic band~-structure calculations, which are also reported in
this Letter. An order-of-magnitude enhancement of exciton binding energies is explained
as a consequence of a change in the type of chemical bond.

The optical properties of TICl and T1Br have
been a field of considerable experimental and
theoretical interest over the past few years. Re-
liable optical-absorption data were published in
1970!; since then magnetoabsorption,? two-pho-
ton absorption,® stress optical,* and lumines -
cence® measurements have been published. On
the grounds of electronic band-structure calcula-
tions® the experimental data are well understood,
special attention being paid to the exciton, which
shows an unexpected low binding energy accom-
panied by a characteristic doublet structure.*

All the measurements reported above have
been performed exclusively on single crystals or
evaporated layers in the CsCl [simple cubic (sc)]
structure. It has been known since 19517 that
TIC1 and T1Br can also crystallize in the NaCl
(fcc) structure. These crystals are obtained by
epitaxial growth on freshly cleaved crystals of a
number of alkali halides, and are stable up to a
size of about 200 A. Thicker layers recrystallize
in the sc structure.

Tutihasi® claimed to have measured the optical
spectrum of fcc TIC1, which he prepared by evap-
oration on KCl. From the description of his ex-
periments, which lack a structural analysis, we
conclude that these layers were at least 1000 A
in thickness. For layers of these dimensions we
found optical spectra similar to those of Tutihasi,
which in the range from 3.5 to 4.2 eV do not ex-
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hibit any excitonic structure, whereas after an-
nealing they show the typical excitonic spectrum
of the sc structure. In the following we will
demonstrate that the lack of any excitonic struc-
ture may be taken as a proof that neither fce nor
sc long-range order is present in layers of TICI
or TIBr.

We have evaporated TICI and TIBr on several
alkali-halide crystals at vacua of 10 Torr. The
samples were then mounted into a cryostat at-
tached to a Cary-17 spectrophotometer. Crystal
structures were determined with an electron
microscope.

Spectra taken at room temperature immediately
after evaporation showed little dependence on the
substrate material. Differences occurred after
cooling as a result of the different thermal ex-
pansions of the substrates. In any case we found
KBr to be suited best as a substrate, because it
leads to layers which are least disturbed as com-
pared to other substrates.

Figure 1 shows the absorption of sc and fcc
TIC1 and T1Br, respectively, on KBr substrates
at 77 K. Tt can be seen that in thick layers there
is still a certain amount of strain leading to an
enlarged splitting of the first exciton line. Fur-
thermore, this line is somewhat shifted to higher
energies as compared with Fig. 1 of Ref. 1, and in
the case of TICI it is less well resolved. In spite
of these effects, which are due to interactions



