
PHYSICAL REVIE% B VOLUME 29, NUMBER 3 1 FEBRUARY 1984

ESR and magnetization of the spin-glass CttMn at low concentrations

F. R. Hoekstra and G. J. Nicuwenhuys

K. Babcrschkc
Institut fii r Atom- ttnd Festkorperphysik der Freien Universitat Berlin, D 1000-Berlin 33, 1@est Germany

S. E. Bames
Physics Department, University ofMiami, Coral Gables, F/orida 33I24

(Received 13 May 1983)

%c have determined thc I'csonancc fI'cqucncy 6) velsUs resonant field H diagram fol CQMn with

Mn concentrations 2, 3.5, and 5 at. %, both when H is parallel and antiparallel to the cooling field

H, . From the parallel measuIements we find anisotropy energy density constants E that are in

ag1ccIQcnt with E values determined from transvclsc susccpt1b111ty and torque mcasurcmcnts.

However, the E values determined from the remanence reversal of dc magnetization are smaller by
a factor of approximately 2. %'e suggest that th1s 1s caused by a breakdown of rIg1d-body spm rota-
tions. By combining the parallel data with the antiparallcl data, we obtain sets of E values for the
vector model and the triad model which are unphysical. We attribute this also to nonrigid spin ro-
tations. In addition, we present the full angle dependence of ESR measurements for the 5-at. %
sample, which shows that the quantitative agreement with the two models breaks down when the

angle 8~ between cr and H, is greater than =25' for this concentration. Finally, wc have carefully
scarchcd foI' thc plcdlctcd N mode 1n small cxtcrnal fields, but wc have not obscrvcd It. By using

thc concept of oscillator strength wc p1occcd to calculate this cffcct fol thc vector anlsotIopy model.

%C find the ESR intensity of the expected ~ mode to be =1%of that of the u+ mode. Neverthe-

less, Under our experimental conditions this should not preclude its observation.

I. INTRODUCTION

Two hydrodynamic models have bccn ploposcd to ex-
plain the ESR of spin-glasses. The vector model' uses an
Rnisotropy cncfgy dcnslty L that ls conncctcd with R plc-
ferred direction, given by the unit vector ¹ This direc-
tion is not in any way connected with the crystRHine axes,
but instead it is induced by field-cooling the sample from
T ~~ Tf (the freezing temperature) to T ~~ T~ in a cooling
field H, along a certain direction. Using the vector model
one can calculate the equiHbrium direction, given by the
unit vector n, of the remanence o, if, after the field cool-

ing, the field H, is taken away and another field H is ap-
plied in an arbitrary direction, specified by 8~ (the angle
between H and H, ). Then, for small oscillations of the to-
tal magnetization M (composed of the rotated remanence

o and an isotropic magnetization X;„H ) about its equili-
brium direction, the resonant frequencies can be calculat-
ed. In this paper, we shau extend the vcctox' model by cal-
culating the oscillator strength of the x'csonant modes
which Rlc pledlctcd ln conti ast thc triad modcI ' claims
that thc Rnlsotx'opy cncrgy ls determined by the orienta-
tion of a spin triad h,p, q, relative to a reference triad

N, P, Q. We shall take N~(H, . Also in this model the
resonance frequencies have been calculated. The most
striking difference between the two models is the predic-
tion, iii tlie triad niodel, of aii additioiial, loiigitudiiial ies-

onance mode toL . However, in the case when the
ren1anence o. remains in the original direction X, the pre-
dictions of both models are the same for the other two
modes„ labeled u+ and m . Several recent publications
indicate that lt ls thc triad model which ls best able to
describe thc mcasurcmcnts. '

In Sec. II we present a description of our measurements.
The experimental results, described in Sec. III, are divided
in two parts. Firstly, we have measured the resonant fre-
quency to versus the resonant field II at 4 frequencies,
namely I.I22, 3.44, 4.03, and 9.53 6Hz, both when H is
parallel and antiparallel to H„ for spherical samples of
CuMn(x at. %) with x =2, 3.5, and 5. Secondly, we ex-
hibit the full angle dependence of the ESR for
CttMn(5 at. %) at 9A 6Hz.

In ordcx' to explain why wc do Qot obscrvc thc prcdictcd
mode (nor do we observe the triad model's toL mode),

we calculate the oscillator strength of to+ and ro modes
ln thc vcctoI' model. Oul cRlculatlons, presented ln Scc.
IV, yield an expected ESR peak-to-peak amplitude for the
~o mode which is =1% of that which is predicted for
the to+ mode. In view of the fact that all our CuMn to+
lcsoI1RIlccs alc very strong lndccd, we fccl that wc have
enough experimental sensitivity to observe lines that
would be 100 times weaker. Therefore, the oscillator
strength alone may not be sufficient and other considera-
tions will have to come into play. VVC summari. zc our con-
clusions 1Q Scc. V.
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II. EXPERIMENTAL DESCRIPTION

Tllc ESR cxpcrII1Mnts wcl'c performed llslllg 1101110dyllc
reflection spectrometers and commercial gas-flow cryo-
stats where the temperature was determined by therrno-
couples at the sample site. The field-cooled (FC) spectra
were obtained after cooling the samples from T&2Tf to
T &~ Tf in a field H, . After cooling we recorded the res-
onance with decreasing field. The magnetization M which
is measured with decreasing field is slightly larger than
that measured subsequently with an increasing field. This
small hysteresis in M leads to a small hysteresis in the
ESR, as was demonstrated in Fig. 2 of Ref. 9.

For the zero-field-cooled (ZFC) spectra the remanent
field of the magnet was not larger than 60 G.' The shift
S of the resonance line is determined with respect to g =2.
For fixed temperature T, S is smallest for samples cooled
in our largest attainable field H, of 12 kG. As the cooling
field decreases, the shift increases, in agreement with the
H, dependence of cr

ESR data were obtained at four frequencies, namely
1.122, 3.44, 4.03, and 9.53 GHz, always for spherical sam-
ples. The magnetization of the identical samples was
measured in a Foner vibrating-sample magnetometer.
Care was taken to repeat exactly the same FC and T cy-
cles that were used in the ESR.

The samples were made by melting together the constit-
uent elements in the appropriate amounts. No significant
difference was detected between samples that had been
arc-melted and samples made in a high-frequency induc-
tion furnace and subsequently quenched. Of the samples
used in the present investigation, the 2- and 5-at. % con-
centrations were measured both in ESR and 1n dc magnet-
ization, as obtained from the melt. Only the 3.5-at. %
sample obtained an additional anneal of 16 h at 800'C be-
fore any data were taken. Then, after the bulk of the mea-
surements herein described had been completed, wc
checked some additional metallurgical aspects for the 5-
at. % concentration: A number of samples were formed
into spheres and cylinders by spark-cutting. At X band no
difference was seen between these spheres and cylinders.
Next, we deformed part of the original material by cold-
rolling until there had been a 20% reduction in thickness;
we also made spheres and cylinders from this material.
Again, there was no difference between these samples and
the series that had not been cold-worked, either in the FC
spectra or the ZFC spectra. Subsequently, we checked the
influence of a l-h strain-relieving anneal in dynamical
vacuum at 450'C. No change occurred in the resonance
properties.

Finally, a number of samples were subjected to a homo-
genizing anneal at 800'C for 16 h. After this anneal,
there were indeed some changes; most notably in the ZFC
spectra, where the field for resonance shifted down by
values between 200 and 400 G. Since we do not consider
ZFC in the present report, this has no influence on our
conclusions.

All samples were heavily etched in HNQ3 immediately
prior to measurement. %hen wc measured sa1Tlplcs that
had been left exposed to the air for some days, we found
that the resonance lines at low temperatures were de-

formed, but, what is even more serious, the lines both in
FC and ZFC were shifted towards g=2. We are con-
vinced that these effects are due to surface contamination,
especially as etching of the samples always brings back the
original lines. We have therefore been most careful to
avoid any such contamination.

We have determined the resonant field H as a function
of the cooling field H, at four spectrometer frequencies
for the three concentrations, always at our lowest tem-
perature, =3 K. On the right-hand sides of Figs. 1—3 we
show these data for the three concentrations. In order not
to clll'ttcl tllc flglll'cs wltll data points, wc ollly show tllosc
points for which H, =12 kG (H is parallel to H, ). Now
we want to compare these data with the predictions of the
hydlodynamic theory. In th1s limit of parallel H Rnd H~
the theories agree on the formula,

' 2 1/2
H o. K+
2+2X +

X

for tllc N+ and co Illodcs.
We determined the cr and X values that are needed from

dc-magnetization measurements in which we used exactly
the same FC and T cycles that we used in the ESR. Only
E+ is left as an unknown parameter now.

There are two ways to determine IC+. In the first place,
one can use the fact that the models which predict the
ESR modes also make predictions for the magnetization
behavior (as already indicated in the Introduction). If the
total anisotropy energy density is composed of unidirec-
tional anisotropy K& and uniaxial anisotropy K&, then dis-
placed square hysteresis curves should be found (at T=0)
centered at H~ ———K 1 /o with a total width
ddl =2KI /o (cf. columns 4 and 5 of Table I); so that the
reversal from o parallel to g (HII ——0) to o antiparallel to

(&II n)should ——tak. e place at H, = —(J I+XI)/o
—:—K+/o. Obviously, a simple measurement of H, and
o. yields K+, which is exactly the quantity that we need.
However& 1t has bccn clearly established by var1ous au"
thors that this way of determining It. + is not the right
one. The reason for this is that in calculating H~, kH,
H„etc., there is the implicit assumption in thc models
that

~

o
~

is invariant during the reversal, which means
that it is supposed that the vector o. actually retains its
modulus while making a rotation by m in a plane perpen-
dicular to some unspecified axis. It turns out that this is
not what really happens. 'VA.Rt happens is probably that
the remanences IT; of the individual clusters in the spin-
glass each rotate by 'fP along 1nd1vlduR1 axes which Rrc
completely randomly oriented in the plane perpendicular
to H.

Most authors have found that the K values determined
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FIG. I. u/y-vs-H diagram foI' CuMn(2 at. %) sphere Rt T=3 K (Ty ——II7 K). The rig'ht-hand side of the diagram corresponds to

H!!H, (Oii ——0), and the left-hand side corresponds to H antiparallel to H, (8' n) D——ot-fi.lled circles represent data points for which

H~ = l2 kG. Sold llncs arc theoretical 1Tlodc predictions in thc vcctoI' model, Rnd dashed-dotted lines Rrc foI' thc triad IDodcl. Note

that for H ~ —1 kG, which is where o should reverse given E+ and ! rr !,triad-model predictions for co+ and co are the same as in

the vector model. Actual o jump takes place at smRHer negative field H' t'see arrow). For convenience, co/y has also been plotted in

terms of spectrometer &equency v in 6Hz. Conversion is via ~/y=(h /2p~)v.

from transverse susceptibihty and low-angle torque mea-
surements, where the implicit assumptions of the model
do hold„are larger, by a factor of apprmimately 2, than IC

values determined from the remanence reversal. " We feel
that this factor of 2 is not completely coincidental, but, in-
stead, corresponds to some geometrical average of aniso-

tropy energies of the individual clusters for m rotations.
The second way of determining E+ is to make the as-

SUmptioB tlat 1A the ESR measUI'emeQts, %'hcle the 3IlgU-
lar deviations from 8& ——0 are very small (considering that
the microwave field i'i (0.1 G, whereas the measuring

field II is at least several hundred gauss, and the anisotro-

py field, as we shall see below, is at least 1000 G), it is also
the "real'* K+ which manifests itself. This is equivalent
to saying, for these small rotations away from equilibri-
um, that the spin system behaves as a rigid body, whose
macr'Qscoplc I'emsQCQce 0 is 11Qked to its memo~ dix'ec-

tion g by a well-defined anisotropy energy density E+. '

We have determined E+ from the ESR itself using the
formula

K+ =[(co/y) H][X(~/y—)+rr], (2)

FIG, 2. ~/p-vs-H diagram fo1 CQMn(3. 5 Rt. %) sphere Rt T 3 K (XI=22 K). Details as I F1g. I. Frequence for %Lich
theory has been fitted to data ls 9.853 GHz, %'hick accounts for 1athcl larger deviations between theory and experiment at 4, 3, and I
6Hz. Data point at &=3.44 0HZ and 0=—I kG' ls not on pI'cdlctcd mode linc because thc thcorp prcc4cts that 0 has Hot reversed

Qct, %'hercas actual revcrslon has already taken plRcc at field H shown %'1th arro~.
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3 F

H (&G)

PIG. 3. co/y-vs-8 diagram for CuMn(5 at. /~) sphere at T=3 K (Tf——29 K). Details as in Pigs. 1 and 2. Also shown is the re-
gion where we have searched for the predicted co mode. See Sec. IV.

which can easily be obtained from Eq. (1).' Here, H is
the resonance field for 8z ——0; the formula is valid for the
co+ mode. Comparing E+ values for various cooling
fields at fixed frequency and concentration, there is a fluc-
tuation of at most 10%. K values obtained for various
frequencies at constant concentration and cooling field are
constant to within 20%. At 3 K, independent of frequen-
cy or cooling field, we find E+=ac M„with a =(130+20)
erg/cms (at. %) .

Indeed we find that K+ values thus determined are ap-
proximately 2 times larger than those we find from de-
magnetization reversal. Also, our X+ values, as well as
the cM„dependence of K+, show excellent quantitative
agreement with values quoted by other authors for similar
samples under similar conditions.

In Figs. 1—3 we have plotted, by thin solid lines, the
function expressed in Eq. (1); however„ instead of using an
averaged K+, we take a value for E+ determined from
one data point at a reference frequency. In this way, one
gets a better impression of the deviations between the data
points and the formula. So far all data points have been
identified as co+ resonances. No m resonances have been
seen in our experiments. An u resonance has been re-
ported oIlcc. (Tllc cubi, iliodc caI1Ilot bc dc'tcctcd in a coI1-
ventional fixed-frequency experiment except through ad-
mixture of coL, in one of the transverse modes. ) We shall
come back to this point in Scc. IV.

We now turn to the resonance behavior in the case
where o is antiparallel to H, (8s ——m). We have plotted
the measured points on the left-hand sides of Figs. 1—3.
Now we also want to compare the theoretical m-vs-H
descriptions for this side of the diagram. At first glance,
one might be tempted to use Eq. (1}with negative values
for H, and, after the reversal of o, also a negative value
for o. This, however, is not the correct procedure. Wc
found this by calculating the full angle-dependent ei(H)
relationship from the vector-model free energy of Ref. 1;
for the triad model we used the corresponding relation-

ship, Eq. (4.3), from Ref. 3. It turns out that in the limit
80 ——m but 8z ——0 (the field H is negative but the
remanence cr has not reversed yet), we are still permitted
to use an extrapolation from the co-vs-H diagram with
8~ ——8~ ——O. However, once o. has reversed, the new rela-
tionship between ro and H can only be obtained from the
original one at 8' ——0, if, not only H and cr, but also K, is
given a negative sign. This means that if one plots the
theoretical mode prediction, either in the vector or the
triad model, usillg thc pl'cvlously obtained (positive) valllc
for E+, there is no correspondence with measured data
points. We have done the following: In the triad theory it
is shown that the effective anisotropy energy density is in
fact angle dependent via K=K(8II }cos8II, where E(8s)
=Ki+E2 cos8z, which means that K+ =K(8z ——0)
=Ki+K2 and E =K(8II m) =Ei EI——. We hav—e cal-
culated a value for K at one fixed point where 8z ——m,
both in the vector model and in the triad model. In the
vector model,

=[H —(ai/y )][X(co/y )+o],
wh«c H" is the resonance field at 8z —m (all quantities
H, ~, X, Rnd o are positiue numbers), and in the triad
model~

—(~/y ) +(e&/y) (H +Hs ) —H+Hz

(co!y) HHS—
(4)

where Hs =o'/X. With the value of K dctcrmjncd fiom
onc data point Rt a referellce frequency, RIid the value of
K that we already had (at the same frequency), we now
calculate values of Ki and KI using Ei ——,(K++K )

and Ez —,
' (K+ E)—— —

The theory is then tested if all data points at 8II ——m can
be fitted (approximately) with these values of Ei and E2,
Rnd, of course, if tlie Ki and EI values are physical.
Pigs. l —3 we show, on the left-hand sides, the theoretical
predictions in the vector model (again using thin solid
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lines) and in the triad model (using dashed-dotted lines).
At the reference frequencies [4.03 GHz for 2 and 5 at. %%uo,

and 9.853 GHz for 3.5 at. %%uo(Ref. 13)] th epredictions
necessarily agree with the data points. In Table I we have
collected the data obtained so far and we also show the
values found for K~ and E2. The vector model yields
E~ &&EC2, contradicting the magnetization data. In the
triad model one even needs negative X~ values, which are
obviously unphysical. From our four frequencies, and for
a given E, we are not able to verify any mode splitting
such as the splitting between co+ and ~ modes predicted
at 8~ ——m in the triad model. However, in a recent publi-
cation, Gullikson et al., by virtue of a many-frequency ex-
periment, have shown that such a splitting is not observed
for CuMn(8 at. %%uo) . Inadditio n to thi sevidenc ewe
think that the IC values which we have now found show
that there is something wrong, and that the validity of the
hydrodynamical models for m rotations does not hold. We
feel that we have demonstrated here that an approach us-

ing only parallel and antiparallel data will lead nowhere.
Therefore, let us now look to see if the hydrodynamic ap-
proach has any validity for 8+&0, and, if so, how large
8& can be for the theories still to hold.

B. Full angle dependence for Cu Mn(5 at. % )

We have measured the full angle dependence of the
ESR spectrum of CuMn(5 at. %%uo ) in th e followin gway.
After field-cooling the sample through T~ in a field H„
we removed the field, rotated the sample by OII deg, and
applied an increasing field to record the resonance. It
turned out to be necessary to heat the sample between
measurements at different angles 8~. If we do not heat
the sample but simply take measurements at increasing
angles, then we find that the shift at 360' is 10% smaller
than the one at O'. We even find that after ZFC there is a
clear angular dependence in the spectra, the shift being
650 Oe for 0', 390 Oe for 180', and 280 Oe for 360',
whereas there should be no angle dependence at all. This
obviously suggests that there is a non-negligible iso-
thermal remanent magnetization (IRM) and isotherinal
remanent anisotropy (IRA) induced by the measuring field
at 9 GHz, and thus a change of the original remanence
direction N. We have therefore always heated the sample
in between the angles so as to erase this IRM. Of course,
one cannot prevent an IRM component of the total mag-
netization which is in resonance, but at least this way one
makes sure that the total magnetization at one angle 88
does not contain IRM components induced by measure-
ments at other values of 8~. We present the measure-
ments in Fig. 4. We have used @=9.44 GHz and H, =12
kG at T=3 K. Also shown are two fits to the hydro-
dynamic models: The first fit for both models is made us-

ing E~ and E2 values that were obtained in the way
described in the preceding section, i.e., using de-
magnetization data for o and X and using only H and H
from the ESR. Consequently, the theory fits to the exper-
imental points at 0~ ——0 and ~. One can see that in both
models the theoretical fit is rather bad. A maximum in
the angle dependence is predicted which is not observed at
all; also, the predicted values of H are larger than co/y for
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coming back with the field, the whole situation is mir-
rored with respect to H =0 and reversal of the spin triad
will occur at positive fields, showing apparent uniaxial
character. In fact, as long as no real large-angle rotations
of the spin triad have taken place, no quasiuniaxial char-
acter has been induced and one may say that the total an-
isotropy is purely unidirectional.

IV. CALCULATION OF OSCILLATOR STRENGTH
IN THE VECTOR ANISOTROPY MODEL

0 40 80 160
eH

FIG. 4. Resonant field 0 in G vs angle OH in degrees between

H and the cooling field H, (H, =12 kG) for CuMn(5 at. %)
sphere at T=3 K. Circles represent experimental data. Two
different sets of fits are shown: The first fit forces points at
00 ——0 and ~, and the second fit has K2 ——0. Solid lines are fits
in the vector model, and dashed-dotted lines are for the triad
model. Also shown is the line ~/y (g =2). Measuring frequen-

cy is 9.44 GHz.

120

70 &80 ~130, but in the experiment all H values are
smaller than co/y. Clearly, the price that one pays for
having the O~ appoint fi——t is the loss of all points in be-
tween.

The second fit shown in Fig. 4 is one for which we have
taken K+ =Xi, so that K2 ——0. The reason for this may
not be readily apparent as the dc-magnetization data show
that E2- —,'E~ at this temperature. We shall return to
this point below. For now, we note that this second fit is
really rather better. The vector model fits the data up to
OH

——30', equivalent to 0~ -25', whereas the triad model
shows a reasonable fit up to Ozz-90', equivalent to
OR=70'. Beyond 90', neither model can fit the data.
Again we have a situation where only a limited range of
angles can be fitted to the theory, but now at least we have
a sound physical reason why this is so: When the rotation
angle Oz becomes too large, rigid spin rotation breaks
down and the fit must break down also. (Also, because of
the introduction of IRA the original memory direction is
lost. } In fact, this method is rather sensitive in determin-
ing just where this rigid-rotation breakdown occurs. In
this respect the ESR measurements and their interpreta-
tion run completely parallel to, e.g., torque measurements
and their interpretation.

We now return to the reason for taking E2 =0 or at
least very small. The argument runs as follows. One sup-
poses that the uniaxial character manifest in the magneti-
zation hysteresis cycles is actually some kind of artifact.
Borrowing the terms used by Saslow, we can say that the
anisotropy energy is determined by the orientation of the
spin triad n,p, q with respect to the anisotropy triad

N, P,Q. If, for large enough negative fields, not only the
spin triad but a1so the anisotropy triad reverses, perhaps
because the temperature is not low enough, then, upon

We have seen so far that some care must be taken when
applying the hydrodynamic models in the case when
Oii&0. But how about the case Ox ——0? We have already
mentioned in Sec. III that we have identified the mode
which is usually observed with co+; a clear verification of
the validity of either theory would be the observation of
an co mode, ' whereas observation of an coL mode sup-
ports the triad model. In Ref. (7} the case for the triad
model is supported through the observation (for Oii (35'),
of the admixture of an additional mode into the co+ mode.
We have tried to focus on the co mode (at O+ ——0), which
has not been observed yet in pure Cu Mn.

Of our three samples, only the 5-at. % sample has a
predicted co mode at Ox ——0 in the spectrometer frequen-
cy region where we have the best sensitivity, namely be-
tween 9 and 10 6Hz. Therefore we have taken the 5-
at. % sample and searched thoroughly in the region
around H=0, as indicated in Fig. 3. We were unable to
find any indication of a resonance in this region. In order
to find a possible explanation for this we have calculated
the relative expected intrinsic ESR intensities, in the vec-
tor model, the model which was most easily accessible.

We start from the equations of motion

M=y(MXH } yrC(NXn )—, (5)

F= (M —o ) —M H —K(¹n) .
2X

I.inearization is obtained via the substitution

M= 0 +gH+e j~tm ]H=HO+e jmth n ++ej~tp

An end result of the calculation is

m+ (pi~+ pip}( pi~} pia— —2

X(pi) = =X
Jl (CO+COp)(N —CO~) —COg

ere m+ =~~+ j~~, h =~ +j
pi =yo/X, cop ——yHp, coq ——y K/X .

The resonance frequencies can be found by setting the
denominator to zero, and one finds

(9)

Mn=y —H &n,x
appropriate to a vector-type free energy with unidirection-
al anisotropy
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or, expressed in H,

H,„=—(co/y)+
E

X CO/y C—T
(10)

which is the usual form in the vector model (res denoting
resonance). The other root H„, is found if in the original

microwave field the opposite polarization he J"' is also
considered, in which case

m+ (~ +p)( —~—~ ) —~~2+=X 2
( —CO+ COp)( —CO CO—~) —COg

obtained by setting co~ —~. Now setting the denomina-
tor to zero yields

This certainly does not explain nonappearance of the co

mode, e.g., at 4 GHz (cf. Fig. 2 of Ref. 9). These expres-
sions are valid for the case where the experiment is done
in the usual way, i.e., when the measuring frequency m is
kept constant and the field H is varied to record the reso-
nance. In the case when H is kept constant and co is
varied, expressions (9) and (12) should be used without the
transformation to fields. For the FC condition shown in
Fig. 3, we find, at T=3 K for the 5-at. %' sample, where
(co/y) =3369 G, K=3230 erg/cm3, o =3.54 G, and
X= 13.4& 10, that

H+~ =2969, a(2969) =8.05,

2
COg

(12)
H,„=—50, P( —50)= —0.97 .

or

H,+„=(co/y )—
Xco y +a (13)

Here we use coo ——yH, where H is the variable field and co

is the fixed measuring frequency. Expressions (8) and (11)
can be combined as

a(H,+„) P(H,„)
Hres H H res

(14)

where a(H+„) and P(H,„)are now the oscillator strengths
of the + and —modes, respectively. The oscillator
strength thus provides a measure for the intensity of the
resonant signal because the apparent divergences at
H=H, „are, of course, r—esolved as soon as dissipation is
included in the equations of motion. We find

2
COg

a(COp ) =CO~+COp + =CO~+CO
CO+ CO~

(15)

P(COp ) =CO~+COp— (17)

or

p(H,„)=o.+EH,„— =o —X(co/y) . (18)
E

(coly )—cT/7

A simple check of our calculation is the paramagnetic re-
gime: For X~O and 0.—+0 the oscillator strengths be-
come +coo, in agreement with well-known theory. The
next simplest check is the spin-glass regime after ZFC
(o =0). Since K does not enter into the determination of
a and p, the ratio between a, at a frequency co~ where the
co+ mode can be observed, and p, at a frequency coq where
the co would be observed, would be coj /co2. In ZFC con-
ditions, co2 &co~, and for our experiments, 2 &co& /co2& 10.

or

a(H,+„)=or +EH,+„+ E
=CT+X(co/y), (16)

(co/y)+cT/X

Again, the
~
a/p

~

ratio of 8 does not explain nonobserva-
tion of the co mode: However, there are two other fac-
tors which play a role here.

(1) The slope in the co vs Hdia-gra-m for FC in 12 kG is
smaller by a factor of 3 for the co mode; in the measured
derivative spectrum this slope appears squared. This gives
an additional factor of 10.

(2) The relaxations of the modes may not be the same.
From intensity considerations, that is nonobservation of
the co mode, we would expect it to have a relaxation at
least 3 times larger than the co+ mode. From these FC
and ZFC cases it would seem as if a larger relaxation of
the co mode is the main reason for nonobservation, un-
less other considerations come into play.

V. CONCLUSIONS

We have measured the ESR co-vs Hdiagrams -for Cu

with 2- to S-at. % Mn alloys both when H is parallel and
antiparallel to H, (the cooling field). These diagrams can
be explained by the hydrodynamic theories with the aniso-
tropy E& and Eq (see Table I) as parameters. When the dc
magnetization is used to determine E~ and E2 indepen-
dently, values are found which are not consistent with
those found from the ESR. This inconsistency implies
that the assumption of rigid rotations may not be valid
across the entire range 0'—180'.

In order to examine the applicability of these models
more closely we have measured the full angle dependence
for the 5-at. %Mn sample. This angle dependence is best
described by the triad model using E2 ——0 and we can ob-
tain a limited fit to the data for small Oz angles ( & 70').
The present set of experimental data is consistent with the
results of previously published experiments. ' ' We attri-
bute the breakdown of the fit beyond 70' to nonrigid spin
rotations.

We have calculated the oscillator strength of the
predicted co+ and co resonance modes in the vector
model. Our calculations show a reduced peak-to-peak
amplitude of the first-derivative ESR spectrum ( —100) to
be observed for the co mode. However, this factor can
easily be overcome in the experimental situation and thus
oscillator-strength considerations do not fully explain why
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an co resonance was not observed. The linewidth calcu-
lations of Monod may shed more light on this question.

In conclusion, dynamical experiments on spin-glasses
indicate that only for small deviations from equilibrium
does the spin system behave as a rigid body. This means
that hydrodynamic theories can only be used to describe
these phenomena at small angles between H and H, . The
results of an ESR investigation of the full angle depen-
dence on higher-concentration (-20-at. /oMn) CuMn al-

loys will shortly be forthcoming. '
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