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probability of its occurrence is rather small and
the attempted atomic interchanges may be large-
ly unsuccessful. In other words, diffusion would
be highly correlated as envisioned in the free-
volume model by Turnbull and Cohen'® with an
effective frequency much smaller than the nor-
mal Debye atomic frequency thus lowering D °

by orders of magnitude. The precise value of D}
would depend on the number of atoms involved in
the cluster, the thermal vibrations, and the avail-
ability of the free space; it is not yet possible to
quantify them at this stage. Energetically, the
diffusion process would be easier in view of the
looser atomic packing in the amorphous phase
and a relaxed state at the saddle point through
which atomic jumps are made.

Finally, as seen in Fig. 2, the Ag profiles
show spatial shifts which were quite unexpected.
Electron microprobe and Auger spectroscopic
studies indicated a presence of ~1 at.% dissolved
oxygen in the as-splat-quenched specimens. Dur-
ing diffusional annealing the oxygen diffused out
as evidenced by formation of progressively thick-
er silicon oxide layers on the specimen surface
and oxygen depletion in the interior. While a pre-
cise explanation of the observed shifts must await
detailed studies, it may be remarked that the
presence of the dissolved oxygen in the splat-
quenched amorphous Pd-19-at.%-Si alloy has
been characterized for the first time.

The authors are grateful to Professor Pol
Duwez and Dr. C. C. Tsuei for supplying the
splat-quenched Pd-Si specimens and Professor
D. Turnbull for helpful discussions. They also
wish to thank John D. Kuptsis for electron-micro-
probe analyses, J. E. Lewis for Auger electron
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spectroscopy work to determine oxygen content
of the specimens, and Dr. J. C. McGroddy and
Dr. D. R. Campbell for carefully reading the
manuscript.
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New Method for Investigating Magnetic Tricritical Points*

N. Giordanof and W, P. Wolf
Depariment of Engineeving and Applied Science, Yale University, New Haven, Connecticut 06520
(Received 7 July 1975)

A new method, based on the observation of hysteresis effects at the first-order phase
transition, has been used to study the behavior of dysprosium aluminum garnet near one

of its tricritical points.
nents f3,,
the present theory.

Recent theoretical studies® have given clear pre-
dictions for the asymptotic behavior near tricrit-
ical points (TCP’s). The exponents turn out to be
the same as those given by classical Landau the-

The magnetization-temperature phase diagram and the expo-
6,, 6., and vy, have been determined and found to be in good agreement with

ory, in sharp contrast to the situation at ordinary
critical points, and it is clearly of interest to
test this prediction. TCP’s have been identified
experimentally in a wide variety of physical sys-
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tems,?% but so far relatively complete results
are available only for *He-*He mixtures.? These
results are in good agreement with the theory but
the rather unique nature of the *He-*He system
makes it desirable to extend the study to other
materials. Careful neutron-scattering experi-
ments have been reported on the structural phase
transition in ND,Cl, but only the tricritical ex-
ponent 8, was measured.®*’ More recently, there
have been reports of a number of detailed experi-
ments on a magnetic system, FeCl,, in which the
exponents g, and 8, were measured.*® However,
the results obtained for £_ by two different tech-
niques were in serious disagreement and so far
this difficulty has remained unresolved. Experi-
ments on magnetic systems are generally diffi-
cult to analyze since there are intrinsic uncer-
tainties in detecting the onset of the first-order
phase separation, which become very large near
the TCP. In this paper we shall describe a new
experimental method which overcomes some of
these difficulties and the application of the meth-
od to the Ising-like antiferromagnet dysprosium
aluminum garnet (DyAlG).®

Previous experiments on magnetic systems
have located the first-order phase boundaries
close to the TCP by measuring either the magne-
tization or the sublattice magnetization as a func-
tion of the externally applied field, correcting for
demagnetizing effects and observing the discon-
tinuities in the gradient (kinks) which occur at
the phase boundaries.® In the case of the upper-
phase-boundary determination using neutron scat-
tering this gives a good estimate,* but in all
other cases one has the problem that the kinks
become less and less distinct as one approaches
the TCP since the susceptibility on either side
of the phase boundary diverges at the TCP. The
problem is compounded by the fact that the de-
magnetizing corrections also become more im-
portant as the susceptibility increases. To over-
come these difficulties, we have developed a
method which identifies the region of coexistence
without any reference to the corresponding val-
ues of the magnetization.

The method is based on the recognition of the
fact that dynamic magnetization processes in the
coexistence region are basically different from
those of either the antiferromagnetic or paramag-
netic phases. In single-phase regions, magneti-
zation proceeds via individual spin reversals,
while in mixed-phase regions, macroscopic proc-
esses involving domains take place. Based on
our understanding of such domains'®'! one might
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expect a relatively slow response to changes in
the applied field, in contrast to more rapid relax-
ation processes in the single-phase regions.
Changes in the low-frequency response should
therefore signal the onset of the first-order tran-
sition.

The sample was a 4,658(3)-mm-diam sphere of
DyAlG, aligned with the field parallel to a {110}
axis. We note that the complication of an induced
staggered field'®!° which is present in DyAlG for
other orientations [e.g., {111}] should be rigor-
ously zero for fields along {110}.'? The sample
was immersed in superfluid *He, to ensure good
thermal equilibrium, inside a simple mutual-in-
ductance coil consisting of two secondaries con-
nected in opposition, surrounded by a primary
coil. The coil was located inside a superconduct-
ing magnet, The temperature and field were con-
trolled and measured with relative accuracies of
+0.5 mK and £0.2 Oe, respectively. The abso-
lute errors were approximately +5 mK and + 25
QOe, respectively.

The low-frequency response of the system was
measured by reversing a small dc current in the
primary coil and recording the induced voltage
across the secondaries on a multichannel analyz-
er. This procedure could be repeated several
times to improve the signal-to-noise ratio, and
the corresponding measurement with the sample
removed from the coil was used to allow for the
small signal due to the empty coil, It was thus
possible to measure 8M/9¢ as a function of ¢,
where M is the magnetization and ¢ is the time.

The (8M/at)-t traces for all fields that were
investigated were found to be qualitatively similar
in form and approximately exponential with time
constants of the order of a few tenths of a sec-
ond. However, a more detailed study showed that
the traces for fields in the mixed-phase region
were in fact functions of the past magnetic his-
tory of the sample, in contrast to the behavior
in the single-phase regions. The hysteresis
could be measured quantitatively by taking the
difference between corresponding sets of (aM/5t)-
t traces following two particular field cycles, us-
ing the multichannel analyzer, and integrating the
resulting difference curve over an appropriate
time interval with an integrating digital voltme-
ter.

A typical plot of integrated hysteresis as a func-
tion of applied field is shown in Fig, 1(a). It can
be seen that the hysteresis goes to zero quite rap-
idly at both phase boundaries, locating them to
better than +4 Oe. The primary field, %, used
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FIG. 1. (a) Integrated hysteresis versus applied field,
H,, at T=1.640 K (¢=0.093). The arrows mark the lo-
cation of the phase boundaries. (b) Integrated pseudo-
hysteresis versus H; at T =1.791 K (¢ =0.009). Note
that there are two pairs of kinks with both the upper
and lower pair separated by 20 Oe, twice the primary
field used.

here and for most of the measurements was 10
Oe, but similar experiments with different pri-
mary fields gave the same locations for the edges
of the mixed phase.

This method was used to map out the phase
boundaries for 7'<1.7 K, corresponding to €= |7
-T,/T,~0.06, where T, is the tricritical tem-
perature. Unfortunately for temperatures closer
to T, the hysteresis measured in this way was too
small to observe. However, we did discover a
second related effect, which we shall term a
“pseudohysteresis” effect, which persisted to
higher temperatures. We found that the (aM/at) -

t traces also depended upon the initial polarity of
the primary field (i.e., parallel or antiparallel

to the field of the superconducting magnet) and
that this effect was different in the single-phase
and mixed-phase regions. To get a quantitative
measure of this effect, we took the differences be-
tween the (0M/8t)-t traces for different polarities
and integrated the resulting curves. Typical re-
sults are shown in Fig. 1(b). It can be seen that
the curve has four characteristic “kinks,” the
kinks occuring in pairs with the members of each
pair spaced twice the primary field apart. We
interpret the kinks as occuring whenever the field
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FIG. 2. M-T phase diagram. M is here plotted in
terms of M;=545 emu/cm?, saturation magnetization
calculated from Ref. 8. The inset shows data for the
discontinuity close to the TCP.

of the solenoid plus or minus the primary field
just overlaps a phase boundary and this interpre-.
tation is supported by experiments with different
primary fields. The kinks thus serve to locate
the phase boundaries and we estimate the accura-
cy as typically + 2 Qe.

The detailed interpretation of the pseudohyster-
esis effect is quite complicated, and we shall
discuss this in more detail elsewhere, but for
the present we can conclude that pseudohystere-
sis effects serve to locate the phase boundaries
quite accurately. In our experiments the pseudo-
hysteresis effect was observable very near the
TCP and using it in conjunction with the regular
hysteresis we were able to map out the phase
boundaries below the TCP over the range 0.2 >¢
>0.003. »

Measurements of the magnetization correspond-
ing to the phase boundaries could be made in sifu
using the same apparatus. The sample was sim-
ply pulled out of the coil and the induced voltage
across the secondary was integrated using the
digital voltmeter. The relative accuracy in AM/
M, was about 6 X10™% where M, is the tricritical
magnetization, .

In order to locate the second-order phase bound-
ary (the x line) for 7>7,, we estimated the gra-
dient 3M /3K, Sharp peaks were found in the ex-
pected region, and these served to locate the x
line to better than + 2 emu/cm® in M (+ 2 Oe in
H,, the internal field). The phase diagram com-
bining all our results is shown in Fig. 2.
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FIG. 3. [(M—M,;)/M,]? versus internal field, H; ,
for T=1.808 K=T;. M; =250.6 emu/cm® was deter-
mined independently from the data of Fig. 2. Note the
different scales for H; > H;=3173 Oe and H; < H;.

The most striking feature of Fig. 2 is the fact
that all three phase boundaries appear to ap-
proach the TCP linearly, as predicted. In addi-
tion, we see that the slope of the A line and the
upper phase boundary below 7', are not equal, al-
so as predicted by recent theories,*® but in con-
trast to Landau theory. Similar discontinuities
in slope have previously been observed also in
other systems,?*®

In Fig. 3 we show results for the tricritical iso-
therm, where we have plotted [(M —M,)/M,]? ver-
sus H;, using the value of M, derived from the
data of Fig. 2. We see that the data are in good
agreement with the prediction, 6, =2, although
the asymptotic region below the tricritical field,
H, is quite small (AH; <6X1073H,), We note that
the data above and below H, were taken on differ-
ent days, and their good agreement with respect
to the value of H, is a gratifying check on our
technique. '

Finally in Fig. 4, we plot the inverse suscepti-
bility [(aM/aH)Mth]'l as a function of 7. The
data are again seen to be consistent with the theo-
retical prediction, y, =1.

Numerical analysis of the data shown in Figs.
2—-4 assuming simple power-law singularities
yields the following estimates for the four TCP
exponents which we have determined:

B, =0.98+0.05 (0.2>¢>0.003),
y,=1.01£0.07 (0.1>¢>0.003),
6,=2.12+0,24 (0.02>AH, /K >0.002),
6.=2.14+0.26 (0.006 >AH;/H, >0.0002),

where we have also indicated the ranges of tem-
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FIG. 4. [(8M/8H) =y, ] ! versus T for T >T,;. The
arrow indicates the tricritical temperature as deter-
mined from the data of Fig. 2.

perature and field over which the fits were made.
We are not able to detect any evidence for loga-
rithmic correction terms! within the limits of our
accuracy and resolution, Further details of the
experiments and analysis will be given elsewhere
together with a discussion of the application of
scaling theory to our results and the form of the
H-T phase diagram.
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Chen, and R. Alben for many useful and stimulat-
ing discussions.

*Work supported in part by the National Science
Foundation and by the U. S. Army Research Office.

tNational Science Foundation Graduate Fellow,

!E. K. Riedel and F. J. Wegner, Phys. Rev. Lett. 29,
349 (1972); D. M, Saul, M. Wortis, and D. Stauffer,
Phys. Rev, B 9, 4964 (1974); D. R. Nelson and M. E.
Fisher, Phys. Rev. B 11, 1030 (1975), and to be pub-
lished. These papers also give extensive references to
earlier work.

%G. Goellner, R. Behringer, and H. Meyer, J. Low
Temp. Phys. 13, 113 (1973); E. K. Riedel, H. Meyer,
and R. Behringer, to be published.

SW. B. Yelon, D. E, Cox, P, J. Kortman, and W, B,
Daniels, Phys. Rev. B 9, 4843 (1974).

‘R, J. Birgeneau, G. Shirane, M. Blume, and W. C.
Koehler, Phys. Rev. Lett. 33, 1098 (1974).

5J. A, Griffin and S, E. Schnatterly, Phys. Rev. Lett.
33, 1576 (1974).

T. J. McKee and J. R. McColl, Phys. Rev. Lett. 34,
1076 (1975). References 2—6 also contain references



VoLUME 35, NUMBER 12

PHYSICAL REVIEW LETTERS

22 SEPTEMBER 1975

to earlier experimental work.

"We use here the notation proposed-by R. B. Griffiths,
Phys. Rev. B 7, 545 (1973).

8For a summary of previous work on DyAlG see D. P.
Landau, B. E. Keen, B. Schneider, and W. P. Wolf,
Phys. Rev. B 3, 2310 (1971); W. P, Wolf, in “Magnet-
ism and Magnetic Materials—1974,” AIP Conference
Proceedings No. 24, edited by C. D. Graham, Jr., J. J.
Rhyne, and G. H. Lander (to be published), p. 255.

We should also note recent measurements of the
“transparent magnetic circular dichroism” in FeCl,
by J. A. Griffin, S. E. Schnatterly, Y. Farge, M. Regis,
and M. P, Fontana, Phys. Rev. B 10, 1960 (1974). This
would seem to be a very promising technique for TCP
investigations, but no measurements of any TCP ex-
ponents using this technique have been reported as yet.

93, F. Dillon, Jr., E. Yi Chen, N. Giordano, and
W. P, Wolf, Phys. Rev. Lett, 33, 98 (1974).

13, F. Dillon, Jr., E. Yi Chen, and H. J. Guggenheim,
in “Magnetism and Magnetic Materials—1974,” AIP
Conference Proceedings No, 24, edited by C. D, Gra-
ham, Jr., J. J..Rhyne, and G. H. Lander (to be pub-
lished), p. 200; J. F. Dillon, Jr., E. Yi Chen, and
W. P. Wolf, in Proceedings of the International Con-
ference on Magnetism, Moscow, U. S. S. R., 22-28
August 1973 (to be published).

2M. Blume, L. M. Corliss, J. M. Hastings, and
E. Schiller, Phys. Rev. Lett. 32, 544 (1974); R. Alben,
M. Blume, L. M. Corliss, and J. M. Hastings, Phys.
Rev. B 11, 295 (1975).

'3V, J. Emery, Phys. Rev. B 11, 3397 (1975); D. R.
Nelson and J. Rudnick, Phys. Rev. Lett, 35, 178 (1975).

Measurement of Spin-Flip-Raman-Scattering Cross Section and Exchange Effects
for Donors in CdS by Faraday Rotation

R. Romestain, * S. Geschwind, and G. E. Devlin
Bell Labovatovies, Muvvav Hill, New Jersey 07974
(Received 21 July 1975)

The simple connection betweeh spin Faraday rotation and spin-flip-Raman-scattering
(SFRS) cross section is used to deduce the SFRS cross section for donors in CdS from
Faraday-rotation measurements. The Faraday rotation also reveals an antiferromagnet-

ic exchange interaction between donors.

We have measured the Faraday rotation (FR)
due to the donor spins in n-CdS at several differ-
ent optical wavelengths and donor concentrations.
These rotations become huge at near-resonant
light excitation. In view of the very simple con-
nection between the spin-flip- Raman-scattering
(SFRS) cross section (do/d2) and spin FR, which
we express directly in terms of a “Raman di-
pole,” one can thus determine the SFRS cross
section by the measurement of FR. The latter is
uncomplicated by the necessity for corrections
for surface and bulk absorption, reflectivity,
geometrical factors, etc., which trouble any
cross-section measurement as evidenced by the
orders-of-magnitude disagreement in do/dQ2
quoted in the literature.'*? In addition, the near-
resonant spin FR provides a very sensitive
means of measuring interactions between elec-
trons.

In a previous communication, we showed that
for cubic symmetry, Raman scattering of a light
field E, cos(w,¢) from any two time-reversed
" states |a@) and |b) separated by a Zeeman energy
7w, is conveniently represented by matrix ele-
ments between states |a) and |b) of an effective

Raman dipole®
D'? =% E,[aexp(-iw,t)+c.c.]
+[BELfexp(ith)+c.c.] . 1)

Here ¢ is the Pauli spin operator, I is the unit
matrix, and § and @ are second-order matrix
elements of the electric dipole operator er of the
type

a=33idex|n)(nlez|b)/(E,~E, - hw,). (2)

n
B is the usual polarizability associated with the
dielectric constant and forward Rayleigh scatter-
ing. Spontaneous Raman scattering between |a)
and |b) is given by the Raman electric dipole,
(b(t)|D'?|a(t)). By appropriate insertion of this
off-diagonal dipole into the classical radiation
formula, the spontaneous differential SFRS cross
section is given by

(do/dQ)sy =4 a|®(w, F wy,)*/c*. (3)

However, in addition to the component of D
connected with g which radiates at the unshifted
frequency w;, there are additional diagonal com-
ponents associated with @ which give rise to a
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