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Comparison of hyperfine fields and impurity magnetization in dilute PrCo alloys
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High-field nuclear orientation measurements in dilute PrCo alloys are compared with magnetization
measurements by Tissier and Tournier. The results imply the proportionality of the hyperfine field H
and the single-impurity magnetization M , and thus of the local magnetization M, and the induced
part of the giant moment M ,. The saturation behavior can best be fit with a simple local
spin-fluctuation model giving Hy¢(sat) = 212 kOe and T¢ ~ 1 K.

INTRODUCTION

The results of hyperfine interaction measure-
ments at impurity nuclei in metals have usually
been interpreted in terms of a hyperfine field which
was taken to be proportional to the local magnetiza-
tion A,. While such an assumption may be justified
for spectroscopic methods such as MGssbauer effect
or NMR, where the “fast relaxation” condition 1/,
> w, (7, =ionic relaxation time and w, =nuclear
Larmor frequency) is usually fulfilled, it is not
necessarily correct for nuclear-orientation (NO)
experiments.'! In the latter, one usually has 7,
»1/w,, T;and 7; <1/w;, T, where 7, and 7; are
the initial (oriented) state and intermediate state
lifetimes and 7, is the nuclear relaxation time.

The measurement is thus effectively static and is
not subject to the dynamic condition used for spec-
troscopic methods. The indiscriminate use of the
hyperfine-field concept has sometimes led to an
apparent contradiction with the results of suscepti-
bility measurements (cf. CuMn). This discrepancy
has been attributed to the nonproportionality of H,
and the single-impurity moment in the weak-cou-
pling region (7> T,); however, it remains of in-
terest to investigate the transition region from the
situation T >Ty (where the impurity spin §1 is
strongly coupled to the nuclear spin f) to the op-
posite situation T <T (where S; is coupled to the
conduction-electron spins s.2) In particular, it is
to be expected that in the latter situation, the im-
purity will have no spontaneous magnetic moment
in zero applied field, but rather an induced mo-
ment which is significantly large only for applied
fields H, > A/gus. Furthermore, the spin §; will
be only slightly perturbed by the hyperfine coupling,
and the hyperfine Hamiltonian will reduce to

e =AT. (S, =AL(S),

so that one can define an effective field H,; propor-
tional to the local impurity moment (or to the local
impurity magnetization M;). We note that this lat-
ter situation always applies in magnetically ordered
materials, where the ionic spin is always blocked
by the strong molecular field or by collective inter-
actions with other spins.

Since the temperature and field dependence of the
magnetization M (H, T) is not theoretically known
for either Kondo or spin-fluctuation systems, ? it is
not reasonable to attempt to relate high-tempera-
ture properties to those measured at low tempera-
tures relative to Ty; thus a comparison of NO re-
sults with magnetization data requires that both be
obtained in the same temperature range. This con-
dition can, in practice, seldom be met, since mag-
netization measurements over a large range of ap-
plied fields are usually only feasible at relatively
high temperatures 7, > 50 mK, while NO experi-
ments must be performed at Ty, <20 mK, How-
ever, if Ty is sufficiently high that both 7, and Ty,
can be considered to be in the low-temperature
limit, the condition of equal temperatures is ef-
fectively fulfilled.

The alloy system PtCo, which we discuss in this
paper, meets this condition since Ty =~1.5 K, * while
the NO experiments described here were performed
in the temperature range 10-30 mK and the mag-
netization measurements of Tissier and Tournier®
(TT), with which the NO results are compared,
were done at 60 mK.

The comparison of the two sets of data permits
us to show the proportionality of H,; and M, the
latter having been obtained by TT from an extrapo-
lation to zero impurity concentration; the self-con-
sistence of the results implies, as well, the cor-
rectness of the concentration analysis performed
by TT, and also the proportionality of the magneti-
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zation M; induced on the platinum matrix to the lo-
cal impurity magnetization M,. The proportionality
constant R = Hy, /M, is found to be R = - 60 kOe/u p.
We discuss the interaction effects in more concen-
trated PfCo samples and compare the saturation
behavior of Hy, to a theoretical expression derived
by Ishii for a singlet ground state® and to a simple
phenomenological model based on the assumptions
of the localized spin-fluctuation theory.”

EXPERIMENTAL

Alloys of PiCo containing radioactive ¥Co were
attached by soldering to the cold finger of an adia-
batic demagnetization apparatus and cooled to tem-
peratures in the 10-mK range in the presence of an
applied field H,. Counting of the intensity distribu-
tions of y rays emitted in the decay of the °Co, as
well as from a thermometer alloy (either CuFe>*Mn,
Fe®®Co, or Ni**Mn), as a function of temperature
and applied field, then yielded the curve of H,,,
=H, + |Hy, |, assuming an effective Zeeman Hamil-
tonian

JCQM = _gn/p-n Helf'

The sign of H,, may be determined by detecting the
circular polarization of the 8°Co y rays or by ob-
serving the sense of the g-particle asymmetry rela-
tive to H,; both methods were applied in this work
and gave results consistent with a negative sign.”®
The very dilute P{Co alloys (samples 1-3) were
prepared by diffusing 8°Co activity into commercial
Pt (Johnson-Matthey, nominal purity 99.999%, and
Metals Research Ltd.). The treatment and proper-
ties of these samples are shown in Table I. The
more concentrated samples (samples 4-7) were
kindly provided by TT and are pieces of the same
alloys on which their magnetization measurements
were performed. The Co coneentrations were
0.041, 0.271, 0.88 and 2.58 at.% for samples 4-7,
respectively. These samples were activated with
8Co in the same manner as sample 1. The ®Co
solutions were purified by ion exchange before ap-
plication to the samples. Sample 1 was studied in
applied fields up to 20 kOe, while samples 2 and 3
were studied for H, up to 72 kOe; thus the data for
dilute samples covers the entire range of the mag-
netization measurements. The more concentrated
samples were studied in fields up to 32 kOe.

RESULTS AND DISCUSSION

In this section we will first compare the NO re-
sults on the most dilute samples with the single-
impurity magnetization curve obtained by TT. As
noted before, this curve must be extrapolated from
measurements on more concentrated samples,
where interaction effects between impurities are
present, since the sensitivity of the technique does
not permit direct measurements on very dilute sam-
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ples. This requires a model for the interaction ef-
fects as a function of total impurity concentration.
The model used by TT will be discussed later.

In order to extract any useful information from
comparisons of NO results and magnetization mea-
surements, one must establish the validity of two
hypotheses: (i) the hyperfine field measured in the
NO experiments is indeed proportional to the local
impurity magnetization; and (ii) the model used to
extrapolate the magnetization data is correct.
Agreement of the two curves over a large range
of applied fields can be taken to confirm both these
points by self-consistence.

The data are shown in Fig. 1. The solid curve
is the single-impurity curve of TT multiplied by
the factor R =- 60 kOe/u;. The agreement is sat-
isfactory over the entire range of applied fields.
(The deviations for sample 3 in the medium-field
range are most likely due to incipient interaction
effects, since this was the most concentrated of
the “very dilute” samples.) We note that the data
for sample 1 taken at lower fields by one of us
(JCG) was communicated to TT and was shown by
them in support of point (ii) above. The large range
of applied fields over which agreement is obtained
is significant, since an accidental agreement in the
low-field range, where the curvature is not strong,
would not be unlikely. We may thus conclude that
points (i) and (ii) are verified for this system, and
that furthermore, no large orbital contribution to
the magnetism is present, since the latter would be
differently weighted in the NO and magnetization
curves and would destroy the agreement.®

The situation in PtCo is, however, more com-
plex than we have thus far indicated: this system
is known to possess giant moments around the Co
impurities. The single-impurity magnetization
M, is therefore the sum of two contributions, the
local impurity part M, and the part induced on the
Pt lattice M;. The NO experiments measure only
the local part, i.e., Hy =R, M, where R, is the
hyperfine field constant for core polarization (not
necessarily the free ion value). For the measured
ratio R we then have

R=Hy /M =R M,/(M;+M;) =R, /(1 + @),

where « is the fraction of induced moment, @
=M;/M,. Thus, the constancy of R implies that «
is also constant, i.e., M;« M, and the induced mo-
ment can be described by a simple molecular-field
model H, =BM,, M;=H,xp:=BMXp;, and Mg =M, + M,
=M;(1 +xBp;), where xp, represents the susceptibil-
ity of the exchange-enhanced Pt conduction electron
gas. These experiments are relatively sensitive

to the constancy of «, since ¢ contributes a large
fraction of the total magnetization. If we take the
total saturation moment to be 3.6 ug, as found by
TT, and take the local Co moment to be 2 g, about
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TABLE I. Preparaivion of dilute PtCo samples.

Resistivity Fe content
Nominal Co ratio: Total magnetic?® (atomic absorption
Sample Activation content p(300K)/p4K) impurities analysis)
(1) (Metals Diffusion of <1 ppm 880 37 ppm 17 ppm
Research) dried ®co
39 h, at
1300°C in H,
(2) (Johnson-  Diffusion of 1 ppm 1510 22 ppm
Matthey) plated %Co
24 h, at
1200 °C in vacuo
(3) (Johnson- Same as (2) 15 ppm 944 34 ppm

Matthey)

% rom the resistivity ratios using the residual resistivity for PtFe=3pu Qcm/at. % (Ref. 19).

the same as in PdCo,'° we have @ =0.8, This in
turn gives R, =108 kOe/p.5, which is a reasonable
value (e.g., R, in Co metal is 127 kOe/ug). Be-
cause of the relatively large value of &, we can be
certain of its constancy to within 10% over the en-
tire range of applied fields studied.

We have not considered the possibility of an anti-
ferromagnetic Kondo polarization cloud off the Co
sites, since PtCo seems best described by a spin-
fluctuation model, which does not predict such a
cloud, and since efforts to find such a cloud even
in “good” Kondo systems have so far been incon-
clusive.

We next turn to the data from the more concen-
trated samples. Here, interactions between the
impurity moments become important, and we must
consider a model for the concentration dependence
of the interaction effects. The simplest model is
to assume the existence of a critical distance d,
within which two Co atoms interact and become
magnetic, This interaction range was estimated
by Crangle and Scott, !! who assumed a uniform
impurity distribution and used their value for the
critical concentration for the appearance of mag-
netism ¢, extrapolated from their magnetic mea-
surements. They obtained a value for d=22 A.

A real alloy has a random impurity distribution,
so that even at concentrations well below ¢, a
certain fraction of the impurities lie within the in-
teraction range of one another. In the model used
by TT, the probability N,(c, Z) that, at concentra-
tion ¢, a given Co atom has no Co neighbors within
the distance d (or, equivalently, among the Z near-
est atoms, where Z is the total number of atoms
within a sphere of radius d) is calculated. The
measured magnetization is then a weighted sum of
contributions from isolated impurities (with prob-
ability &;) and from interacting impurities (prob-
ability 1 - N,):

M =MN, + M,(1 = N,).

If the quantity M /N, is plotted against (1 - N;)/N,,
the resulting straight lines have slopes equal to

M,, the interacting-impurity magnetization. As-
suming M, to have a constant (saturation) value

at the external fields used, the straight lines should
be parallel; this condition determines the value of
Z, which was found to be 180, corresponding to
d=6.5 A. The intercepts on the vertical axis then
give the values for M, =M, the single-impurity
magnetization, for the various applied fields. In
this manner the curve shown in Fig. 1 was obtained.
The model is a rough approximation, as pointed out
by TT, since it considers only two types of Co im-
purity and neglects, for example, the variation of
the interaction strength with impurity-impurity dis-
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50 | }+
0 1 1

20 40 60 Hg(kG)

FIG. 1. Nuclear-orientation data compared to the
single-impurity magnetization curve M, obtained in Ref.
5. The latter curve has been multiplied by a factor R
=60 kOe/uB . Errors on the NO data points are statisti-

cal.
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tance within d. This is, however, not too signif-
icant for the separation of the single-impurity con-
tribution from all contributions from interacting
atoms, which are lumped together under M,.

For the comparison of NO data and the magnetiza-
tion curves from the more concentrated samples,
the details of the model chosen for the interactions
are in fact unimportant. This is because both sets
of data were obtained from the same samples: the
concentrations were identical and no extrapolation
in concentration need be made. Furthermore, the
y-ray anisotropy W(H/T) measured in the NO ex-
periments is approximately linear in H/T in the
range studied. Thus,

CHepp = Weypt = Z: N;W; =~ CZ NiH::; ’
so that
Hyg~) NHY~R) N;M;=RM.
i i

Here C is a constant depending on the anisotropy
curve for the isotope measured and on the tempera-
ture, W,,,: is the measured anisotropy at a given
applied field and concentration, the index ¢ denotes
contributions from the various interacting Co spe-
cies (weighted by concentration- and range-depen-
dent factors N;), and the arrow in the second equa-
tion implies that in this step a correction for the
applied field must be made and that it is assumed
that R has the same value for all Co species. A
comparison of the data for Hy,(H,) and for M(H,)
essentially tests this last assumption.

The results are shown in Fig. 2, which shows
agreement between the hyperfine field points and
the magnetization curves (again normalized by the
factor R =~ 60 kOe/uy) for the two more dilute
samples with ¢410 and 2710 ppm, respectively.
For the more concentrated samples (¢ =0. 88 and
2.58 at.%), however, a systematic deviation of the
hyperfine points to lower values than the corre-
sponding magnetization curves is seen. The devia-
tion is larger for the more concentrated sample.
This indicates that in fact, R does not have the same
value for the interacting Co atoms as for isolated
impurities, or, in view of the previous discussion,
that the fraction a of induced moment is a function
of concentration.

This is hardly surprising: as the impurity con-
centration increases, the giant moments begin to
overlap and a greater portion of the total magnetiza-
tion resides on the host lattice. This process cul-
minates in the magnetic ordering of the sample.
The two most concentrated samples are already in
the ferromagnetic region; thus it is to be expected
that a is somewhat larger than in the dilute sam-
ples, giving a smaller effective R value.

Another possible interpretation for the deviations
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FIG. 2. Hyperfine-field points for more concentrated

PtCo samples compared to the magnetization curves
determined in Ref. 5 for the same samples. The mag-
netization data were normalized by the same factor as
in Fig. 1.

in the concentrated samples is that the axial sym-
metry of the system is disturbed by the interactions,
giving an averaging of the y-ray anisotropy over
various angles; such disalignment effects are ob-
served, for example, in PdCo.” In that case, how-
ever, H,., shows a characteristic temperature de-
pendence which is not observed in Pf{Co. Also,
since T < Ty in PtCo, the moments are induced
parallel to H, and no disalignment is to be expected.

Finally, we will examine the saturation behavior
of the hyperfine field obtained from the most dilute
samples. To do this we need the value of the hyper-
fine field at saturation Hy,(sat). The direct mea-
surement on the most concentrated sample gives
H,,(sat) = - 200 kOe; this is somewhat larger than
the value - 180 kOe obtained from previous NO mea-
surements’? and the — 120 kOe determined by M&ss-
bauer effect.!® The explanation in the former case
is undoubtedly that the applied field of 3 kOe was
not sufficient to produce true saturation even in the
2-at, % sample used. In the latter case, the ex-
perimental conditions were even further from sat-
uration and the observed field was probably due to
impurity interactions. On the other hand, if we
take the saturation moment g, found by TT (3.6 5)
and normalize with the factor R, = - 60 kOe/up for
isolated Co moments, we obtain Hy,(sat) = - 216 kOe,
which is larger than the directly observed value.
The moment pg,; was, however, derived from data
on intevacting Co atoms and thus the factor R, is
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inappropriate; the correct hyperfine constant would
be somewhat smaller so the value of H,,(sat) will
tend towards the directly observed field. In any
case, the choice of the saturation field is not too
important, since it merely provides a vertical
scale factor for the saturation curves. We thus
take Hy,(sat)=-200 kOe.

In Fig. 3, the saturation curve is compared to
two functions. The first is the analytic function
given by Ishii® for a singlet ground state (Kondo
state):

Hne SusH, X
Hye(sat) (@ud H2+4r?TE?2  (1+x3)1720

with X =gugH,/2kTy. The second is a function de-
rived’ from a simple model assuming a localized
nonmagnetic virtual bound state of spin-3 without

a spin-independent potential (localized-spin-fluctua-
tion model). In this simple approximation the dis-
placement of one spin level in a field H, is given by

GEO :gp'BHaaly

where ¢, is the local susceptibility enhancement

10 L H, /H,, (sat)

Ishii 14K ___ ————-_.
5, 082K 1
075 o f LSF
7k Pt Co
/x?
050| /v Ishii function
— LSF function
® Fit Point
Ly
4
4
0.25 L &/
T, (LSF) T ( Ishii) X T. (K)
0 by b N . ) ——
1 2 3 4 5
FIG. 3. Fits of Hy,(H,) to two theoretical expressions

for the saturation behavior (see text). Dashed line:
singlet state theory of Ishii; solid line:'Localized spin
fluctuation model (Gallop). The data were fitted to the
curves at one point (H,=10 kOe) and the respective Tk
values determined from this fit point. The abscissa is
XT=gugH,/2k.
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factor &, =1/(1 - p,U). We use 1/kTy=1p,/(1 — Upd)
and p,=A/7[E2(0) + %] ~1/1A to obtain

OE, =gupH,/2kTy.

Here E,(0) is the energy of the unperturbed virtual
state relative to Eg [E,(0)~ 0 in this model], A is the
width of the virtual state, p, the electron density of
one spin state at the Fermi level, and U the intra-
atomic Coulomb repulsion of the virtual states.
Applying the Friedel sum rule we obtain for the
relative magnetization (hyperfine field)

w1 (2 arccotX — )
Hy.(sat) =

with X defined as above. In Fig. 3, the data are
plotted against X7 and are normalized to the two
functions at the point corresponding to H, =10 kOe,
giving T, =1.4 K for the Ishii function and 7, =0.8
K for the localized- spin-fluctuation model. The
latter is seen to fit the high-field data much more
satisfactorily. The disagreement with the Ishii
model is not unexpected, since it is not valid near
saturation'* and fails to give the limiting value for
the moment found from a perturbation calculation.
The apparent success of the localized-spin-fluctua-
tion model is completely lacking in theoretical
foundation, especially since the above assumptions
would also be expected to be invalid at high fields;
it probably reflects the tendency of electron cor-
relations to repel the virtual states toward the
Fermi level, making the approximations applicable
even in high fields. It should be mentioned that a
similar semiempirical approach has been applied
by Loran ef al.,' Nagasawa, ' and Souletie, " to
relate resistivity anomalies and susceptibility mea-
surements.

The question of a spin S associated with the giant
moment remains open, It is demonstrated by the
susceptibility data of TT, which give an effective
moment leading to an overly large saturation mo-
ment, that the effective spin S, =2.2 found from
the Curie constant is not that of the whole giant mo-
ment. This is also seen in the PdCo system, where
Md3ssbauer measurements'® indicate a Brillouin
function dependence for H,, with S >2.

We conclude that the PtCo alloy system provides
a nearly unique opportunity for the comparison of
hyperfine and magnetization data, allowing on the
one hand measurements of both types in the zero-
temperature limit (T,,,, << Tx), and on the other,
almost complete restoration of the local moments
with available applied fields. This is in contrast
to systems like PdFe and PdCo where Ty is very
low so that the moments saturate in low applied
fields, making an analysis of the relation between
the local and induced parts of the giant moment dif-
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ficult and a comparison with magnetization data
meaningless because of interaction effects. Also,
in systems with higher Ty like CuFe, available
fields are not sufficient to approach saturation.
Another likely candidate for such a comparison is
the CuCr system, where, unfortunately however,
good low-temperature magnetization data are still
lacking.
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