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The temperature dependence of the hyperfine fieM at Fe atoms was determined by Moss-
bauer and continuous-wave NMH methods for Fe-based alloys containing Ti, V, Cr, Mn,
Co, and Ni impurities. A marked anomaly was found in the case of Mn, and a lesser one
for Ni. The temperature anomaly of the hyperfine field at iron atoms in the neighborhood
of Mn impurities can be described with a linear combination of two terms, one propor-
tional to pp„ the other to p» —p, F, . We suggest that the latter xs brought about by the
conduction«electron polarization.

The temperature dependence of the moment of
a magnetic impurity in a metallic ferromagnet
may be different from that of the matrix. The
first observation of such behavior was of the
anomalous temperature dependence of the Mn hy-
perfine field in iron. ' According to Jaccarino,
Walker, and Wertheim the explanation of this
fact given by the molecular field approximation
of the Heisenberg model is that impurity-host ex-
change is smaller than the host-host exchange in-
teraction, so that consequently the impurity mo-
ment decreases more rapidly with temperature
than that of the matrix.

On the other hand, according to the Heisenberg
model itself, the magnetization of iron atoms
around an impurity is different from that of the
matrix because of the different exchange fields
acting on them. This leads to an anomalous be-
havior of the hyperfine fields at iron atoms near
the impurity through the core-polarization contri-
bution +cp of the hyperfine field. Cranshaw,
Johnson, and Ridout' interpreted the temperature
dependences they found at the first neighbors of
the Mn impurities in a Fe-7.5 at.% Mn alloy be-
tween 80 and 500'K in this way, but found no good
agreement between theory and experiment.

The aim of this paper is to report on the inves-
tigation of the temperature dependence of the hy-
perfine-field distribution around 3d impurities in
iron. By performing measurements of this na-

ture one can hope to get some information about
the mechanism of the anomalous temperature de-
pendences found with various ferromagnetic al-
loys.

The Mossbauer effect (ME) measurements were
performed on iron alloys with the following im-
purities: Ti (3.0 at.%), V (2.0 and 5.0 at.%), Cr
(2.2 at.%), Mn (2.5 and 3.4 at.%), Co (3.0 at.%),
and Ni (3.0 and 5.0 at.%). The cw NMR experi-
ments were performed on alloys with V (0.5 at.%),
Cr (2.2 at.%), Mn (1.0 at. %), and Co (0.7 at.%).
For the ME and cw NMR experiments, conven-
tional equipment' ' was used, with temperatures
between 77'K and the Curie point T, for the for-
mer, and between 77'K and room temperature
for the latter.

To limit the number of parameters, the Moss-
bauer spectra were decomposed assuming ran-
dom distribution of impurities and an additive ef-
fect caused by the impurities. We believe these
assumptions are not too wrong because of the low
impurity concentration. A detailed y' test was
performed for each spectrum taken at room tem-
perature to obtain the least number of parame-
ters that gives a good fit for the spectra. The hy-
perfine-field shifts at the first (~,) and second
(~,) iron neighbors of the impurities at room
temperature follow. For Ti,

~,=~, = —19.1+0.3 kG;
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for V,

~,=~ = —24.4+0.4 kG;

and for Cr,

m, =m, =-26.9~0.2 kG.

(In these cases the shifts at the first and second
neighbors could not be resolved separately, be-
cause their magnitudes are nearly the same. )
For Mn,

4H, = —23.0+0.1 kG, ~bP, ~
&3 kG;

for Co,

~,=13.3+0.5 kG, ~ =6.0+1.0 kG;

and for Ni,

~,=9.4+0.3 kG, ~ =7.0+1.0 kG.

All the above data are in good agreement with
previous results of spin-echo, "cw NMR, ' and
Mossbauer' measurements.

Figure 1 shows the temperature dependence of
the difference of the relative hyperfine field of
Fe atoms, without and with nearest-neighbor im-
purities, normalized to the value taken at 80'K.
There is a large anomaly in the case of Mn and
a smaller one in the ease of Ni impurities, while
for other impurities no deviation was found within
the experimental error. The temperature depen-
dence of the hyperfine field at iron atoms without
first-neighbor impurities is the same as that of
pure iron.

The anomaly found in the case of Ni is in agree-
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ment with that observed between 77 and 350'K at
the third-neighbor iron sites. " We could not fol-
low by ME the temperature dependences of the
second-neighbor shifts in the case of the Mn, Ni,
and Co impurities because of their small value.

The hyperfine-field shifts at the more distant
neighbors were detected by the cw NMR method.
The room-temperature spectra were similar to
those measured by Mendis and Anderson. ' Fig-
ure 2 shows the temperature dependence of the
central resonance and satellite for Mn and Co im-
purities. For these, as well as for V and Cr im-
purities, the temperature dependence of the sat-
ellites is the same as that of the central reso-
nance within experimental error (0.05%).

The hyperfine field at an iron nucleus has two
components: the core-polarization contribution
Hcp, which is proportional to the magnetic mo-
ment of the atom itself, and the conduction-elec-
tron-polarization component HCEp, which reflects
the influence of the neighboring atoms. The anom-
aly can, in principle, be brought about by an
anomalous temperature dependence of both terms.
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FIG. 1. The difference of the relative hyperfine field
of iron atoms without (Ho) and with (Ht) impurity near-
est neighbors.
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FIG. 2. Temperature dependence of the hyperfine-

field shifts at iron atoms in the case of Co and Mn im-
purities detected by the cw NMB method. The spin-
echo data of S'@Co a11oys (Ref. 7) taken at 1.3'K are
included in the figure too.
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At first sight it might seem possible to describe
the anomalies found in the case of Mn and Ni im-
purities in terms of the Heisenberg model, in
which these are attributed to the anomalous be-
havior of the iron moment around the impurities,
due to the different exchange fields, that is re-
flected in the component H~p of the hyperfine
field. However, according to this model a simi-
lar anomaly is expected with all the impurities,
because exchange between the impurity and the
matrix is different from exchange between the
matrix atoms. Thus, the absence of the anomaly
with Ti, V, Cr, and Co and nonmagnetic impuri-
ties like Al, Ga, and Sn' indicates that the anom-
alous temperature dependence of the hyperfine
field found at the first neighbors of Mn and Ni im-
purities has some other origin. This conclusion
is supported by the fact that the temperature de-
pendence of the core-polarization contribution
calculated in terms of the Heisenberg model' is
different from the measured bB,(T). On the oth-
er hand, we can give an upper limit for the change
of the core-polarization contribution between 80
and 300'K on the basis of average magnetization
measurements. The relative magnetization of a
Fe-3.9 at.% Mn alloy" (o,n,&) differs from that of
pure iron (vF, ) only by h(r = o F, —o»„y 0.006-+ 0.002
at room temperature, which is a result partly of
the lower Curie temperature of the alloy (contrib-
uting more than 0.002 to 4o) and of the faster de-
crease of the Mn moment (contributing more than
0.004 to ha). Thus the anomalous decrease of the
iron moments around Mn impurities, if it exists,
cannot be more than 0.01',&, and so the core-po-
larization contribution to the anomalous change of

3 6 kG obs e rv ed between 80 and 300'K is
less than 0.6 kG [the core-polarization coupling
constant, (60 kG)/p, ~,"was used].

We suggest therefore, that the anomalous first-
neighbor hyperfine-field behavior is the conse-
quence of the anomalous behavior of the impurity
moment. First of all, a marked anomaly in the
temperature dependence of ~, was observed for
Mn impurity whose magnetic moment is known to
show a very anomalous temperature dependence.
This anomalous temperature dependence is re-
flected at the site of the first neighbors, so we
can try to fit our data obtained for a Mn impurity
by a linear combination of two components pro-
portional to p, F, and p F, —p &„.

~1(T ) ++ Fe(T ) +B[+Fe(T ) +Mll(T )~ ~

where pF, (T) and p, M„(T) are the Fe and Mn mo-
ments. As the temperature dependence of p. M„
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FIG. 3. The change of the hyperfine field due to the
impurity at the first-neighbor iron atoms as a function
of temperature. The meaning of the curves is explained
in the text.

has not been measured by diffuse neutron scatter-
ing, we have only indirect information on p, M„(T).
The dashed lines in Fig. 3 show the temperature
dependences of the contribution proportional to
|ILF, —p M„given by making two different assump-
tions about the contribution HcEp to the Mn hyper-
fine field. In calculating curve 1 it was supposed
that this contribution is equal to the contribution
H cE p of the iron, and thus H Fe H Mn p Fe ~ Mni

while for curve 2 the value H cp p = 160 ko the
Mn moment at 80'K, p, M„-—l.l p, 8,"and the core-
polarization coupling constant, (60 kG)/pB, "are
used. Different parameters alter only the steep-
ness of the p, F, —p. M„curve; the characteristic
peak at T/T, =0.6 remains unchanged. The dots
show the contribution proportional to the matrix
moment. The linear combination of the two curves
(curve 1 and gF, or curve 2 and p~, ) describes the
temperature dependence of bH, rather well (solid
line). Of course this description is not unambig-
uous, as equally good agreement can be obtained
with other parameters [A = —(2.3 kG)/p, B, B = -(13.6

180
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kG)/pB for curve 1; and & =-(3.8 kG)/p, a, B=-(10.6
kG)/p B for curve 2]. However, the curvature of
the measured ~„and especially the strong peak
around T/T, = 0.6, supports the idea that the
anomaly is caused by the contribution proportion-
al to I Fe ~Mn.

The success of fitting our data by Eq. (1) sug-
gests that the anomaly is brought about by the
anomalous temperature dependence of the impuri-
ty moment. This anomalous behavior, in our
opinion, is reflected at the site of the first neigh-
bors through the conduction-electron-polariza-
tion contribution to the hyperfine field. The
change of the CEP contribution due to the impuri-
ty is proportional to p, F, —p; because it reflects
the change in the Ruderman-Kittel-Kasuya- Yosi-
da spin-density oscillation. We can estimate
whether this mechanism is effective enough to ex-
plain the magnitude of the anomaly. The change
of the hyperfine field at the first iron neighbors
around a nonmagnetic Al impurity" (which is a
"magnetic hole" ) is —22 kG, so 8 = -(10 kG)/ps,
which is in good agreement with the 8 value ob-
tained from the fit with Eq. (1).

For Ni impurities the detailed temperature de-
pendence of the Ni hyperfine field is not known,
so it is not possible to make such a detailed com-
parison as in the case of Mn. However, the anom-
aly seems to be well describable in the same way
as in the Mn case if it is assumed that p. N; de-
creases a little more rapidly than pF, (at room
temperature the relative hyperfine field at Ni
atoms" is smaller than that of the iron), and
hence causes a rise in the absolute value of the
negative contribution proportional to p F, —p N;.

Preliminary measurements show an anomalous
temperature dependence of the first-neighbor
iron hyperfine field similar to that of Mn in the

case of Ru and Os, and a dependence similar to
that of Ni in the case Pd and Pt.

These data seem to confirm Campbell's sugges-
tion" that the anomalous temperature dependence
of the impurity moment is the consequence of an
electron-band perturbation due to charge screen-
ing of the impurity near the Fermi level.
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