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basis of our measurements on Tm metal fllnls.
In Tm our valence-band spectra are essentially
identical to XPS spectra, ' showing weak 5d emis-
sion near the Fermi energy and 4f" emission at
higher binding energy. The partial-yield and CIS
spectra with either 4f or 5d initial states are all
similar to bulk 4d —4f absorption spectra. "
Thus, the 4d'4f "(5d6s)' final state of the photon
absorption can decay either to 4d"4f "(5d6s)'
+ electron or to 4d"4f "(5d6s)'+ electron. These
results also show that Tm has no unusual surface
valence changes, a possibility raised by Wert-
heim and Crecelius. '

Finally, we note that a complete experimental
demonstration of our assignment entails compar-
ison with a known 4d"4f '- 4d'4f ' absorption
spectrum. Such a spectrum is not obtainable
from any bulk rare earth, and will require fur-
ther measurements on Sm compounds in which
Sm is known to be divalent. Ours is the first ob-
servation of this particular 4d-4f absorption
spectrum.

In summary, we have presented the results of
photoelectron spectroscopy measurements on Sm
(and Tm) metal using photon energies in the
range 50-250 eV, a range not previously used
for any rare-earth metal. We find strong contri-
butions to valence-band emission from 4d-4f
absorption, followed by elastic Auger decay. By
CIS spectroscopy we are able to isolate and ob-
serve the 4d-4f absorption spectra of both 4f'
and 4f' surface Sm atoms, providing strong, di-
rect spectroscopic evidence of surface valence
mixing in evaporated Sm films. More generally,
it appears that photoelectron spectroscopy using
photon energies in the 50-250-eV range will be
a powerful tool for studying the very interesting

phenomenon of rare-earth surface-valence-
change effects.
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We report on a new effect in superconductivity and demonstrate experimentally that,
because of the correlation of the upper critical field II

&
with crystal directions in single-

crystalline TaN samples (anisotropy effect), at certain fixed temperatures the material
is a type-I superconductor near the [100] and a type-II superconductor near the [111]di-
rections.

Previous experimental work on the magnetic
properties of superconductors has shown that
high-purity type-I superconductors (e (1/E2, p„

~ I/l -0) may be converted into type-II supercon-
ductors (K ) I//2), e, g. , by alloying thallium to
lead' ~ or by introducing nitrogen into tantalum.
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This conversion is caused by the reduction of the
electron mean free path l and the corresponding
increase of the Ginzburg-Landau (GL) parameter
K as described by the Gor'kov-Goodman relation':

g = go+2. 37 x10' p„v&

[vo is the GL parameter of the pure material, l

p„ is the normal-state resistivity (f}l m); and

y is the Sommerfeld constant (Jm 'K ').] Be-
cause of the temperature dependence of the gen-
eralized GL parameter w, (T) ~ z,(T, ) = z, super-
eonductors with v & I/v'2 change their magnetic
behavior at some temperature T* & T, and show
type-II superconductivity with a first-order tran-
sition at H„(often referred to as type-II/1 be-,
havior" at low temperatures (T & T*) and type-I
superconductivity above this transition tempera-
ture (T* & T & T,).

Based on previous work' on the H„anisotropy
in cubic supereonductors (cf. also Ref. 7) and the
recent observation of a marked anisotropy effect
in a TaN single crystal, ' the prime interest of
the present systematic investigation of the tanta-
lum-nitrogen system was to study the impact of
the anisotropy effect on the transition from type-I
to type-II superconductivity at T*. For this pur-
pose a, cylindrical [110]-oriented tantalum crys-
tal (Ta-0) was successively loaded with intersti-
tially dissolved nitrogen. The data were taken
using axial magnetization (H, ), residual resis-
tivity (p„), and ac susceptibility measurements
in transverse magnetic fields as a function of
crystal direction [H„(8) below T* and H, (8)
above T*]. As an example of these experiments
and their evaluation needed to determine the ma-
terial parameters of our system, the tempera-
ture dependence of the "isotropic, " i.e., appro-
priately averaged [cf. below, Eqs. (3) and (4)],
GL parameter Ky,

and a comparison with the Gor'kov-Goodman rela-
tion (1) are shown in Fig. 1. Samples Ta-4, -5,
and -6 (not shown in the figure), which are type-
II superconductors in the entire temperature
range, enable a straightforward evaluation of

K~(T) a.nd, therefore, z,(T, ) = ~. From these
three data points the solid line shown on the right-
hand side of Fig. 1 and representing the depen-
dence of K on p„, which was measured indepen-
dently, is obtained and used to determine K for
those samples (Ta-0-3) which are type-I super-
conductors near T, . A comparison of this proce-
dure with Eq. (1) yields ~, =0.33 and @=680
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FlG. 1. Temperature dependence of the generalized
GL parameter K

&
and comparison of the ~-p„dependence

with Eq. (1) (solid line).

J m K in excellent agreement with previous
data."Detailed experiments on the angular de-
pendence of the transition field into the normal
conducting state were made on samples Ta-1-3
near the temperatures T*. The results on Ta-1
are summarized in Figs. 2 and 3. At the lowest
temperature shown in Fig. 2, T=1.65 K, an un-
disturbed H„anisotropy pattern as usual for
cubic superconductors (e.g. , see Refs. 6 and 8)
is observed. At T=1.70 K, however, the isotrop-
ic thermodynamic critical field H, just equals
the upper critical field H„ in the [100]direction.
Therefore, in this direction the two phases, type-
I and type-II superconductivity, are in equili-
brium, v, being just equal to 1v'2. With increas-
ing temperature the angular range *68 from the
[100] direction, where the sample is a type-I
superconductor, increases, but the remaining di-
rections around the [ill] crystal orientation show
still type-II superconductivity. At T = 2.10 K the
[110]direction has become type-I superconduct-
ing as well, leaving only an angular range of ~18'
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FIG. 2. Angular dependence of the transition field
into the normal conducting state for Ta-1. The straight
solid lines represent the thermodynamic critical fields
H (T); the broken lines represent computer fits using
Eq. (8).

around the [111]direction in the type-II super-
conducting state. Finally, at T = 2.40 K the tran-
sition to type-I superconductivity is completed
at all crystal directions.

A plot emphasizing this transition region,
where whether the sample is a type Ior a type-I-I
superconductor depends on uhich crystal direc
tion is oriented para/lel to the external field, is
shown in Fig. 3. The total transition width AT
for Ta-1 is found to be remarkably large, AT*
=0.70 K. Furthermore, the dependence of H„
and an average transition temperature T* are
shown in the figure, which were obtained in the
following way. In the undisturbed type-II super-
conducting phase (T (T»0*) the angular depen-
dence of H„ is analyzed in terms of cubic har-
monic functions H, ( e.g. , see Ref. 6),
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FIG. 8. Temperature dependence of the critical fields
in the transition region.

parameter, e~ is the unit vector in the direction
of the external field, and A, are the anisotropy
coefficients) with

A,(t, n) =a„(t, n). (4)

H„(t*(8), a.; 8) =H, (t*, o.), - (6)

For H&[110], which is always fulfilled in our
geometry, the functions H, may be expressed in
terms of an angle 0 through the relation eppes ep
= cos0. Qur analysis'" shows first, that the co-
efficients A, and A, are negligibly small in the
entire tantalum-nitrogen system, and secondly,
that —a~ =A, /Ao decreases linearly with tempera-
ture tozeaxds T, and, therefore, remains finite
upon approaching T,pp*, in agreement with Ref. 3.
Furthermore, since A„A, = 0, and H~(es) =0 for
0= 29.67'-30', we obtain

H„(t, o. ; 8=30') =A (t, a) =H„(t, oi),

As a result of the transition from type-I to type-
II superconductivity at t*(8) = T*(8)/T„

a„(t, n;e„)=
l=p i4 i6 gS

A, (t, n)a, (e„)

(t is the reduced temperature, o. is the impurity

and combining Eqs. (5) and (6), we obtain

a„(t+, ~; 8 = 30) =a„(t+, ~) =a, (t +, n) . (7)
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FIG. 4. Phase diagram showing the new phase boundaries between type-I and type-II/1 superconductivity in the
tantalum-nitrogen system.

Hence,

f*=f*(0=30). (8)

Equation (8) defines an appropriately averaged
transition temperature t*, which is also shown
zn Fags. 1-3.

The dashed lines in Fig. 2 represent the angular
dependence of H„according to Eq. (3), which
would be observed in the absence of a transition
to type-I superconductivity at T*(0). They were
obtained in the following way. First, the low-
temperature data (T -1.70 K) were fitted by a
least mea. n-square procedure to Eq. (3) with A, ,
=0 to obtain A,(f) and A,(t). The result of these
fits are shown for T= 1.65 and 1.70 I in Fig. 2.
Then a,(t) was extrapolated linearly (cf. above)
into the transition region; the extrapolation of
Ao(t) into this temperature range was achieved
either through Eq. (7) or using the experimental
results on H, (t) a,nd the temperature dependence
of z,(7') shown in Fig. 1. The values of A, 4(t)
obtained in this way were used to calculate H„(t,
8) in the entire angular range. It will be noted
from Fig. 2 that this procedure describes the
angular dependence of H„ in the type-II super-
conducting crystal directions very well.

The corresponding experiments on samples
Ta-2 and -3 qualitatively show the same behavior.
As a result of the increased impurity content, T*
is shifted to higher temperatures (Fig. 1), the
total width AT* of the transition region becomes
smaller, and the field modulation H 2 yy] H 2 ]pp

as well as the absolute values of the anisotropy

coefficients —a~ = -A»/Ao decrease correspond-
ingly.

In summary, these experimental results dem-
onstrate that a new variable has to be introduced
into the low-z side of the magnetic phase diagram
in the tantalum-nitrogen system. As a result of
the anisotropy effect, the phase boundary between
type-II/1 and type-I superconductivity contains a
region in the f-x(p„) plane (Fig. 4), in which the
type of superconductivity is characterized by
having the crystal direction oriented parallel to
the external field. Figure 4 shows that the total
temperature intervals Ag*, where this effect oc-
curs, decrease with increasing GI. parameter
«(T', ) and disappear completely upon reaching
z = I/v2. This experimental observation demon-
strates the consistency of the data in a particular-
ly clear way, since transitions to type-I super-
conductivity are obviously impossible for v) 1/v2.

We wish to thank Professor H. Bauch for his
continuous interest in the present work and Mr.
H. Niedermaier for technical assistance.
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A dramatic increase in the width of the exchange-narrowed paramagnetic resonance line
in Cu75Mn25 is reported and shown to result from the critical dynamics of the spin-glass
transition. The divergence of the linewidth as (Tf —T) is the first observation of power-
law behavior at the spin-freezing temperature.

Spin-glass phases of magnetic alloys are gen-
erally recognized to result from the freezing of
spin motion at a temperature T&, without an ac-
companying appearance of long-range magnetic
order. ' While there is experimental evidence
for the slowing down of spin motion in spin-glass-
es, no singular behavior has yet been reported.
In this Letter we present the results of electron
paramagnetic resonance (EPR) measurements
on a concentrated Cu-Mn alloy which show' clear-
ly, for the first time, power-law behavior of the
critical dynamics associated with the spin- glass
transition. Moreover, the behavior of this alloy
is shown to be surprisingly close to that predict-
ed by a time-dependent Ginzburg-Landau (TDGL)
model proposed recently by Ma and Rudnick. '

As is well known, the linewidth of EPR signals
in magnetic materials is dominated by exchange-
narrowed dipolar broadening. ' Korringa process-
es, dominant in dilute alloys, are estimated to
contribute ( 10% of the observed width, because
of the strong "bottleneck" effect. ' The relaxation
rate &, ' is given approximately by

T X (d

where p is the static susceptibility; &„, the di-
polar frequency g'p 8'Qv„' v„ the volume per
spin; and r„ the characteristic spin-spin relaxa-
tion time. Critical slowing down or speeding up'
of v', increases or decreases y/T» respectively.
The critical behavior of X tends to mask the ef-
fect of critical dynamics for ferromagnets, but
the same is not true of antiferromagnets nor
spin- glasses which have nonsingular susceptibili-
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FIG, 1. Relaxation rate T& and ac susceptibility (Bef.
6) of quenched Cu75Mn25.

ties. As we show below, the unique dynamics of
the spin-glass transition, in which the relaxation
time diverges while spatial correlations remain
finite, leads to especially strong changes in the
EPR linewidth.

Show'n in Fig. 1 is the relaxation rate &, for a
sphere of Cu75Mng5 ~ The sample was quenched
from high temperatures and subsequently main-
tained at 77 K except for experimental runs. The
ac susceptibility' of an identical sample, also
shown in Fig. l, ,exhibits quite clearly the cusp
associated with spin freezing at 1'&= 115 K. The
initial dc susceptibility above T& has Curie-Weiss-
like behavior with a Weiss temperature e= 9'l K.'
EPR data, taken by conventional methods at 9.4
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