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The magnetization o of a series of Pd(Mn) alloys has been measured as a function of concentration ¢ (0.05-at.%
Mn < c< 2.45-at.% Mn), temperature (1.4 < T< 260 K) and applied field (0 < H< 210 kOe). The average
saturation moment (for ¢< 0.49-at.% Mn) is pg, = 7.5u5/Mn. The saturation moment is consistent with the
effective moment obtained from the low-field susceptibility (which obeys the Curie-Weiss law) provided that
we take S =5/2 (from the specific heat) and g.; = p/S= 3. For ¢%0.23-at.% Mn and TX 3.50 the
magnetization as a function of T and H is well described by the molecular-field model (with S =5/2 and
8.~3) without any adjustable parameters. The magnetic field dependence of the specific heat yields an
independent measure of the magnetic moment of Mn, which agrees with the magnetization data, and thus also
leads to an enhanced effective g value. For the most concentrated alloys 210 kOe is not quite sufficient to
saturate the solute magnetization. This is attributed to near-neighbor (Mn-Mn) antiferromagnetic interactions.
Curie temperatures (T¢) and Curie-Weiss temperatures (©) were measured and compared with data from the
literature and with corresponding data on Pd(Fe) and Pd(Co). Up to 1 at.% the variations of T, vs ¢ are similar
for Pd(Mn), Pd(Fe), and Pd(Co), and the variations of © vs c are also similar. A plot of o> vs H;/o (H, is the
internal field) for Pd(1.3-at.% Mn) shows that the magnetic transition is very sharp with a width comparable
to that of the specific-heat cusp (i.e., less than 1% of T). The spontaneous magnetization of three Pd(Mn)
alloys was measured as a function of T and the coefficient of the low-temperature ( T/ T.)*'? term yielded a
value for the spin-wave stiffness constant D~ 0.7 T A’K, in agreement with the results obtained by others
from the magnetoresistance. The spontaneous magnetization and the high-field saturation behavior are used to
estimate the energy of direct antiferromagnetic interactions between the neighboring Mn atoms (E,,/ kgz=~ 55
K) and the number n of sites involved (n~ 35). The magnetic susceptibility of Pd(1-at.% Re) = 4.30x107¢
emu/ g at 4.2 K was determined for comparison with isoelectronic Pd(Mn) alloys.

I. INTRODUCTION

In dilute Pd(Fe) and Pd(Co) alloys very large
magnetic moments have been observed: about
10u 5 per solute atom.’*? These “giant moments”
are a result of the long-range positive d-electron
polarization around local magnetic moments dis-
solved in metals with a strongly exchange-en-
hanced Pauli susceptibility (xp).> This polariza-
tion also causes ferromagnetism to occur in giant-
moment alloys at very low impurity concentra-
tions: for 0.2-at.% solute concentration Pd(Fe) or
Pd(Co) alloys are still ferromagnetic at liquid-
helium temperature. Giant moments have also
been observed in Pt-base* and Ni,Ga-base® dilute
alloys, and the magnitudes of the moments scale
qualitatively with xp.

Until very recently,® the observation of giant
moments had been reported only for the solutes
Fe and Co. Of the other first-row transition ele-
ments, only Mn has a local moment in Pd. Ti and
V are nonmagnetic, and Cr and Ni are weakly
magnetic with a relatively high Kondo or spin-
fluctuation temperature, respectively.””® Since
dilute Pd(Mn) alloys were known to be ferromag-
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netic,' some host polarization was to be expected.
Indeed, from the susceptibility of a Pd(3-at.%
Mn) alloy Shaltiel et al.'! inferred an enhancement
of the solute moment. However, the only other
low-temperature susceptibility result available®®
yielded a Mn moment that was only 10% higher
than the free-ion value for Mn. Furthermore, for
equal solute concentration (~1 at.%) the Curie
temperature of a dilute Pd(Mn) alloy is about a
factor of 10 lower than for Pd(Fe).'? This, to-
gether with theoretical estimates®® suggested
that Mn had no giant moment in Pd.

Recently, extensive investigations have been
reported on the electrical resistivity,* magnetore-
sistivity,!® and specific heat'® of dilute Pd(Mn)
alloys. The interpretation of the results suffered
from the lack of magnetization data. The present
paper fills this gap. Our interest in the Pd(Mn)
system developed from the specific-heat measure-
ments of Boerstoel et al.'®* These authors found
an unusually sharp (for a dilute alloy) cusp anomaly
at the Curie temperature. Furthermore, they
found that the specific-heat data in external mag-
netic fields for alloys up to 0.5-at.% Mn could be
fitted rather well with the molecular-field model
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(MFM), in contrast to Pd(Fe) and Pd(Co) alloys.
In this paper we report on an extensive inves-
tigation of the magnetization ¢ of dilute Pd(Mn)
alloys as a function of concentration (0.05 <c
<2.5 at.%), temperature (1.4 < T <260 K) and
applied field (0 <H <210 kOe). Preliminary data
have been reported in two previous publications.®*¥?
Our most important result is that Mn has a giant
moment u=7.5uy in Pd and that magnetization
and specific-heat data are consistent only for a
spin S=3 and an effective g value g, =1 /S=3.
For Mn in Pd, at least, this resolves the long-
standing question of whether g, S, or both g and
S of a giant moment are enhanced. In Sec. II the
sample preparation and apparatus are discussed.
In Sec. III the saturation behavior of the magneti-
zation is reported. In Sec. IV the effective mo-
ment is evaluated from the low-field susceptibility
measurements and is shown to be consistent with
the saturation moment. In Sec. V the magnetiza-
tion as a function of temperature and field is com-
pared with the molecular-field model (using S
=3 and g, =¢/S). In Sec. VI the magnetization
is compared with specific-heat data. In Sec. VII
Curie temperatures (T;) and Curie-Weiss tem-
peratures (©) are compared with data from the
literature. The spontaneous magnetization and
the high-field magnetization of some alloys are
discussed and interpreted assuming the existence
of antiferromagnetically as well as ferromagnetic-
ally interacting Mn atoms. Brief remarks on
related EPR data are given in Sec. VIII.

II. EXPERIMENTAL DETAILS
A. Samples

The Pd(Mn) alloys used in our investigation are
listed in Table I. The three most concentrated
alloys were prepared by melting together appro-
priate amounts of the pure constituents. The other
alloys were made from a master alloy. Melting
was performed in Al,0, crucibles in an induction
furnace under 2 atm of purified argon. The con-
centrations listed in Table I were obtained by
chemical analysis, with the exception of the
0.05-at.%-Mn alloy for which atomic absorption
was employed. In all cases the analyzed concen-
trations differed by no more than 10% from the
nominal values. Cylindrical samples, each weigh-
ing about 1 g, were spark cut from the ingots.

As indicated, two of the alloys were used pre-
viously for specific-heat measurements. These
alloys have been homogenized for a long time in
order to narrow the ferromagnetic transition. We
refer the reader to Boerstoel et al.'® for more
details.

TABLE I. Sample-preparation data.?

at.% Mn Melting Annealing Cooling
(analysis) time hours °C  after annealing

2.45 5+10 48,220 1025, 1000 q®

1.35 5+10 65,220 1050, 1025 q®

0.96 10+3 3 500 sl

0.49 10+3 3 500 sl

0.23 10 3 500 sl

0.08 10 3 500 sl

0.054 10 3 500 sl

0.05 10+10 3 just below sl

melting point

2Starting materials (all obtained from Johnson and
Matthey): Pd-S8750, Pd-S56291GF, Mn-S6759. Analysis
of Pd-S8750 used for 2.45-to 0.054-at.%-Mn alloys:
8-ppm Si, other elements less than 1 ppm. Analysis of
Pd-S56291GF used for 0.05-at.%-Mn alloy: 5-ppm Si,
3-ppm Fe, other less than 1 ppm. ¢, quenched in water;
sl, slowly cooled to room temperature. 5+10: melted
during 5 min., inverted, and remelted during 10 min.

bSee also Boerstoel’s paper (Ref. 16) on the specific
heat.

B. Magnetization and temperature measurements

Magnetization was measured in applied fields
up to 54 kG with a commercial vibrating-sample
magnetometer!® (VSM) adapted to a superconduct-
ing solenoid, so that the sample vibration was
parallel to the field. For measurements in the
liquid-helium temperature range the sample was
mounted on a Pyrex vibration rod inside a sealed
brass tube filled with *He gas.

Measurements at temperatures above 4.2 K were
performed in an apparatus similar to the *He
Dewar described by Oliveira and Foner.!® For
our purpose the “He insert Dewar was removed
and the “’He Dewar” was filled with *He gas and
immersed directly into the *He, which cooled the
magnet. The sample is thus cooled by conduction
from the thermal link (4) (which in our case was
stainless steel) downward (see Fig. 1 of Ref. 19).
The equilibrium temperature at the sample during
the vibration is about 4.5 K, when the bath is at
4.2 K. Temperatures closer to or a little below
4.2 K were attained by pumping on the helium in
the magnet Dewar. In order to reach temperatures
above 4.5 K the spacer 11 (Fig. 1 of Ref. 19) was
made in the shape of a coil form, closely but
smoothly fitting inside the inner tube of the ap-
paratus. A thin brass wire wound noninductively
on the coil form (resistance 120 ) served as a
heater. With the magnet Dewar filled with liquid
He, room temperature could be reached with only
0.2 W heater power.

Temperatures up to 80 K were measured with a
ground-off Ohmite carbon resistor, glued to the
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vibration rod between the heater and the sample.
The resistor was calibrated using a CryoCal
germanium thermometer. The calibration of the
carbon resistor did not change during vibration,
even if the experiment lasted several days. Tem-
perature homogeneity in the space below the heater
was checked with two germanium thermometers

up to 20 K. Over a distance of +1.5 cm about

the sample position, temperature differences

were within the calibration errors stated by the
manufacturers of the thermometer, i.e., less

than 0.1% of 7. The gradients were probably

even smaller. The temperature was controlled
with a glass-ceramic capacitance sensor?®?! (also
mounted on the vibration rod between sample and
heater) with matching electronics.?

Temperatures above 80 K were measured with a
chromel-constantan thermocouple mounted on
the vibration rod. In this case magnetization data
were corrected for the (small) contribution of the
thermocouple moment. In all other cases the con-
tributions of heater, thermometer, and tempera-
ture control sensor to the VSM signal were neg-
ligible.

Magnetizations in fields above 54 kOe (up to
210 kOe) were measured with the very-low-fre-
quency vibrating-sample magnetometer?
(VLFVSM) in water -cooled Bitter solenoids. In
this case the sample was immersed in liquid
helium and data were usually taken at 4.2 and 1.4
K.

The relative precision of the VSM data is better
than 0.5% and that of the VLFVSM data about 1%.
The absolute accuracy is determined by the cal-
ibration of the system against an Fe or Ni stan-
dard sample,?* which may add 1% to the over-all
error (but not to the relative error). Temperature
errors were negligible.

III. HIGH-FIELD MAGNETIZATION
A. Experimental results

The magnetization of the two most dilute Pd(Mn)
alloys was only measured up to 54 kOe and at
several temperatures down to 1.4 K. The mag-
netizations of the other samples were also mea-
sured with the VLFVSM. Measurements up to
150 kOe were performed at 1.4 K and measure-
ments up to 210 kOe at 4.2 K.?> The VLFVSM data
were scaled to the VSM data at lower fields, be-
cause the VSM permits a more accurate calibra-
tion.

As a function of Mn concentration the saturation
behavior of the magnetization is as follows. The
solute magnetization of the three most dilute alloys
saturates “normally,” i.e., as expected on the
basis of the Brillouin function. For Pd(0.23-at%

S. FONER, AND E. J. McNIFF, JR. 12

Mn) at 1.4 K saturation is almost achieved in 54
kOe, but about 70 kOe was necessary for full sat-
uration. The solute magnetization was considered
to be saturated when (i) o was a linear function of
H over a field range of about 50 kOe (somewhat
less or more depending on the precision of the
data), and (ii) do/dH at maximum field was equal
to or a little smaller than the susceptibility of pure
Pd [xp, =(6.85+ 0.1)x10° emu/g below 10 K] .2

As can be seen in Fig. 1 and Table II this criterion
could still be satisfied for Pd(0.49-at.% Mn), al-
though more than 150 kOe was needed. We define
Xur as the slope do/dH in the region of saturated
solute magnetization, which should be equal to the
matrix susceptibility x, of the alloy. When non-
magnetic impurities (with the exception of Rh, and
Ni if the latter is to be called nonmagnetic) are
added to Pd, the susceptibility decreases.?"**®* The
same is true for x,. of dilute magnetic Pd alloys 2®
One might therefore expect X, of Pd(0.49-at.%
Mn) to be smaller than x,, (e.g., Xyz=6.5X107°
emu/g) whereas Xy is close to that of Pd. The
plot in Fig. 1 shows that saturation is achieved

so that the value of x,; is apparently not much
changed by Mn at this concentration. An inde-
pendent measure of x,. will be obtained from the
low-field susceptibility in Sec. IV.

The Pd(0.96-at.% Mn) data in Fig. 2 and Table
II suggest that in this alloy the solute magnetiza-
tion is nearly saturated at 210 kOe and that above
0.96-at.% Mn this field is not sufficient to achieve
saturation. It appears that Pd(1.35-at.% Mn) may
still be close to saturation, but that Pd(2.45-at.%
Mn) is clearly not saturated at 210 kOe.
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FIG. 1. Field dependence of the magnetization of
Pd(0.08-at.% Mn) and Pd(0.49-at.% Mn) at T =4.2 K.
The straight lines represent the high-field susceptibility
XHF *
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TABLE II. High-field magnetization data of Pd(Mn). a

Alloy

T

H max

[

Xur 0 Hsat
(at.% Mn) (K)  (kOe) (10~ emu/g) (emu/g) (up/Mn)
0.05 1.38 54 6.9 0.181 6.9
0.054 1.36 54 6.9 0.222 7.8
0.08 4.2 210 6.8 0.33 7.8¢
0.23 4.2 210 6.8 0.90 7.45
0.49 4.2 210 6.8 1.72 6.7
0.96 4.2 210 6.5 3.48 26.9
1.35 4.2 210 <6.3 4.75 >6.7
2.45 4.2 210 X 8.5 7.4 >5.7

axHF is the slope do/dH in the region of saturated solute
magnetization. When saturation was not achieved (as in-
dicated in the columns for X yr and i, )} do/dH at maxi-
mum applied field is reported. o is obtained from the
intersections of these high-field tangents with the ¢ axis
(Figs. 1 and 2). pg is the saturation moment per solute
atom. The values reported were obtained from o,.

B. Discussion of results

The specific heat!® yields a spin $=2.4x0.2 for
Mn in Pd (assuming the same spin quantum num-
ber can be assigned to each Mn atom in Pd). This
result suggests that the 3d shell of Mn in Pd is in
the 5S state, and thus a localized moment of
51 5/Mn is expected. The measured saturation
moment, averaged for the first five alloys of
Table II, is 7.3u5/Mn; thus Mn has a giant mo-
ment in Pd. There is some scatter in the moment
data of Table II due to errors in the analysis of
the Mn concentration. Using low-field suscepti-
bility data, the concentration can be eliminated
and then a more consistent set of moment data is
obtained. This will be discussed in Sec. IV B.
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FIG. 2. Field dependence of the magnetization of
Pd(0.96-at.% Mn) and Pd(2.45-at.% Mn) at T =4.2 K.
The straight lines represent the estimated slope do/dH
at the highest field.
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Phenomenologically'' as well as on the basis of
theoretical models?:% the giant moment has been
written in the form

K=golpS(1+2nX,), (1)

where gyl pS is the “bare” local moment (the sym-
bols have their usual meaning) and the A x, term
represents the matrix polarization, which is
assumed to be proportional to the matrix suscepti-
bility X, and to the local moment with proportion-
ality constant A. If the on-site moment of Mn in
Pd is 5up (as the experimental spin value sug-
gests) and g,=2 then Ay, X,~0.5. This is rather
small compared to the value for Fe in Pd, where
Ape Xo~2.*! From an analysis of the low-field sus-
ceptibility of Pd(3-at.% Mn) Shaltiel ef al.!! ob-
tained Ay, X,=0.32, which indicated the possible
existence of a giant moment. However, in this
analysis the value of Xy, was used for x,, whereas
Xo is actually considerably lower than x,, (see
Tables II and III). Furthermore the measured
effective moment'* p .. =6.3u 5 corresponds to not
more than a saturation moment, u,, =5.3up.
Considering the fact that the spin of Mn in Pd
measured by specific heat is 2.4, there seems to
be no matrix contribution to the spin. We will
therefore represent the giant moment by means
of an enhanced effective g value,

8o =8o(1+ My, Xo)= 3, ()

for Mn in Pd. A more extensive justification for
the use of this formula will be given in Sec. V (a
comparison with EPR g values is given in Sec.
VIO).

The progressively higher fields required to
saturate the impurity magnetization when the Mn
concentration increases are consistent with other
properties of the Pd(Mn) system. Williams and
Loram™ obtained Curie temperatures from their
resistivity data and found that dT;/dc decreased
with increasing concentration. This was attributed
to the occurrence of divect antiferromagnetic
(AF) Mn-Mn interactions (in agreement with cal-
culations by Moriya®) in contrast with the indirect
ferromagnetic interactions which are carried by
the host d band. The increase of AF interactions
with Mn concentration was also shown by the sus-
ceptibility measurements of Rault and Burger.*?
They found that the Curie-Weiss temperature ©
has a maximum at about 2.5-at.% Mn (see also
Sec. VIIA and Fig. 12), becomes zero at 8-at.%
Mn, and decreases with increasing concentration,
so that 6= -25 K at 25-at.% Mn, the highest con-
centration studied. In Sec. VII, the spontaneous
and the high-field magnetizations are used to
estimate the energy of direct Mn-Mn interactions
and of the number of Mn atoms involved.
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IV. LOW-FIELD SUSCEPTIBILITY

A. Experimental results

The initial susceptibility x; of all the alloys was
obtained from recorder plots of the magnetization
versus field. The slopes of the magnetization
curves were determined in sufficiently low fields
so that o was proportional to H. The lowest mea-
suring temperature was 1.4 K or slightly above
Tz (the Curie-temperature) whichever was higher.
The highest temperature was 260 K or lower, de-
pending on whether X, was sufficiently large
compared to X p; to obtain a reasonably accurate
value for the Mn contribution (e.g., AX;/Xps 20.5).
Temperature intervals were about 10% of 7. The
random error in the susceptibility data is esti-
mated to be less than 2%. Compared to this er-
ror, temperature errors are negligible. The
susceptibility data were least-squares fit to the
Curie-Weiss formula

Xi=Xo+ C/(T-©), (3)

where the Curie constant C =Ng2; u3S(S + 1)/3ks,
N is the number of Mn atoms per gram of the
alloy, and the other symbols have their usual
meaning (we assume that Mn in Pd has no orbital
angular momentum). The results of the Curie-
Weiss fits are listed in Table III along with some
derived data. Equation (3) was linearized using a
trial value of ©, writing® =6, + €, and expanding in
terms of € including only the first power of €.
This procedure was repeated until higher powers
of € could be neglected. Because the expected
error in the susceptibility data is a fixed relative
error, the data in the least-squares-fitting pro-
cedure have been given a weight proportional to
(x;)73, at each temperature. The least-squares
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program contained a procedure by which points
deviating more than a fixed amount from the com-
puted fit could be rejected. For the three most
dilute alloys this tolerance was made 1%, for
the others it was 2%. For the three most dilute
alloys all measured points were included in the
initial fit (Table II). The susceptibility of Pd is
temperature dependent, showing a maximum at
T~80 K, which is about 9% above the zero-tem-
perature susceptibility. The matrix susceptibility
of the Pd(Mn) alloys may be temperature depen-
dent as well. Therefore, an upper bound of T
=50 K was taken in the Curie-Weiss fit for
Pd(0.23-at.% Mn) and Pd(0.49-at.% Mn).** The
lower bound of T in these cases was determined
by the same rejection procedure. For the three
most concentrated alloys, the lower as well as
the upper bound of T in the least-squares fit were
determined by the rejection procedure. This way
of choosing a range for the fit can be criticized
because there is no a priori reason why Eq. (3)
should hold. In support of our procedure we note
(i) the fit is excellent in all cases over a temper-
ature range of about a decade, and (ii) the results
for the various alloys are consistent with each
other and can be interpreted in a coherent fashion
(Secs. IV B and V).

Figure 3 is representative for the three most
dilute alloys and (in addition to Table III) shows
the quality of the Curie-Weiss fits. Effects of the
temperature dependence of x, are illustrated in
Figs. 4 and 5 and are discussed in Sec. IV B.

B. Discussion of results
The measured saturation moment i, =g, Sk 5

and the measured effective moment p,,
=g.[S(S + 1)] Y2up can be compared when the

TABLE III. Results obtained from the Curie-Weiss fits to the Pd(Mn) susceptibility data. The third column lists the
total number of data points within the T range of the second column, and after the minus sign is the number of points
rejected before the final fit was obtained. The fourth column gives the root-mean-square relative deviation of the data
from the fit. The saturation moment yi s, Was obtained from the effective moment p,;;, assuming §=3. The last column
lists a molecular-field constant y=6/C, according to the molecular-field model [ Eq. (3)] .

Number rms Curie Msat
Alloy Range of deviation constant o Xo Deit from p s vY=6/C
(at.% Mn) of fit (K} points  of fit %) (10~Cemu/g) (K) (107%emu/g)  (up/Mn)  (up/Mn) (10° g /emu)
0.05 1.4-4.2 11-0 0.2 44.6 0.180 6.91 8.71 7.36 4.04
0.054 1.4-11 20~2 0.4 55.4 0.241 6.91 9.34 7.89 4.35
0.08 1.4-21 29-3 0.6 82.3 0.387 6.81 9.35 7.91 4.70
0.23 3.6—50 45—-0 0.7 209 1.334 6.82 8.80 7.44 6.37
0.49 6—51 29-0 0.6 392 2.66 6.90 8.23 6.96 6.80
0.96 8-110 37-0 0.6 791 4.56 6.07 8.36 7.06 5.76
1.35 8-130 44 -1 0.7 1089 5.48 5.76 8.26 6.98 5.04
2.45 9-140 44 -3 0.9 1716 7.12 4.36 7.67 6.48 4.15
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spin is known. Based on specific-heat data (see
Sec. III), we take S=3. Table IIl shows that u_,
thus obtained from p ., agrees well with the data
in Table II. The average for the first five alloys
is 7.5u5/Mn, compared to 7.3 in Table II. If the
scatter in the data among the various alloys is
due to errors in the concentration, this scatter
can be removed by eliminating the concentration
from the two equations: ¢,=NSg g and C
=Ng2. 13 S(S +1)/3kg, giving g, =3kzC/0up(S +1).
Again using S =%, one can also solve for the con-
centration. Alternatively, using the analyzed
Mn concentration and eliminating g, one can
solve for S. The values c’, g’, and S’ thus ob-
tained are listed in Table IV. For the first five
alloys 0, from Table II and C from Table III were
used. For the last three alloys this o, was prob-
ably not the true saturation magnetization (Sec.
III). In order to at least partly overcome this dif-
ficulty we used the measured alloy magnetization
at 210 kOe and subtracted ¥, (from Table III) times
210 kOe, to determine o). The values of o, are
listed in Table IV and were used to calculate c¢’,
&4 and S’. With two exceptions ¢’ agrees within
5% with the analyzed concentrations. These re-
sults support the procedure followed, in particular
with regard to the determination of ¢j. The mo-
ment (i.e., g.,S)is then a slowly decreasing func-
tion of the concentration. The average for the
first five alloys is 7.7u5/Mn.

The spin values (S’) presented in Table IV show
considerable scatter. This is to be expected,
because in this particular analysis S’ is obtained

T(K)
0 5 10 15 20 25
6
20+
~ - ~N
vo‘ <
=} o
- T
3 10 3
2
F Pd (0.08 At. % Mn)
o | 1 ] L lo
0 I 2 3 4 5

T(K)
FIG. 3. Inverse of the incremental susceptibility
(Ax; =X; —X ) of Pd(0.08-at.% Mn) plotted versus tem-
perature on two scales. x, was obtained from the Curie-
Weiss fit, and the straight line represents this fit.

I | |
o
18 T T o
< o
3 Pd
3 E 72l - ° o
©o o
19 __/_ o
B = 68|~ Alloy
€ x ® | | )
< 0 20 80
o T(K)
n
o 2+ —
>.’.<1
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- _
Pd (0.23 At.%Mn)
0 | | | !
[0} 20 40 60 80
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FIG. 4. Inverse of the incremental susceptibility
(Ax; = x; =X of Pd(0.23-at.% Mn) versus temperature.
Open circles: x, obtained from the Curie-Weiss fit and
the straight line represents this fit. Open squares: data
corrected for temperature dependent x, (see text).
Insert: temperature dependence of susceptibility of pure
Pd and estimated matrix susceptibility of Pd(0.23-at.%
Mn) used to correct Ay; above 50 K.

from an expression of the form (S’ + 1)/S’~05%Cc
(C is the Curie constant and c¢ is the Mn concen-
tration). An error of 5% in ¢ is not unlikely and
if S~5/2 such an error is multiplied by 3.5 in the
final result for S’. With this in mind the spin
values in Table IV may be said to agree well with
those obtained from the specific-heat data.!® In
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3 51
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0 | 1 1 1 1 | I 1 L I
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T(K)

FIG. 5. Inverse of the incremental susceptibility
(Ax; =x; —Xo) of Pd(1.35-at.% Mn). x, obtained from the
Curie-Weiss fit. The straight line represents this fit.
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TABLE IV. Values of ¢’ and &£, the Mn concentra-
tion and effective & value calculated from the equations
for the saturation moment and the Curie constant, assum-
ing S=% (see Sec. IV B). &' is the spin value obtained
from the same equations using the analyzed concentra-
tions and eliminating g,;. 0 is defined in Sec. IVB.

4

c c 0'(’] 8’8 =ply
(at.% Mn) (at.% Mn) && S° (emu/g) (ug/Mn)
0.05 0.044 3.15 1.7 e 7.88
0.054 0.053 3.18 2.4 [ 7.95
0.08 0.079 3.18 2.4 P 7.95
0.23 0.23 2.97 2.5 e 7.43
0.49 0.45 291 1.9 cee 7.28
0.96 0.95 2.84 2.4 3.56 7.10
1.35 1.29 2.86 2.1 4.86 7.15
2.45 2.34 2.65 2.2 8.26 6.63

particular, there is no reason to assume an en-
hancement of S. The enhancement of the mag-
netic moment of Mn in Pd can be fully accounted
for by an enhancement of g. This point will be
further substantiated in Secs. V and VI (for a
comparison with EPR g values see Sec. VIII).

The problem of whether g or S or both gand S
of a giant moment are enhanced has received con-
siderable attention in the literature. From analy-
ses of magnetization,®® Md&ssbauer-effect,® and
magnetoresistance*® data large spin values were
deduced, which were in disagreement with speci-
fic-heat data.’* Takahashi and Shimizu,?® employ-
ing a molecular-field model (MFM), analyzed
magnetization data of dilute Pd(Fe) and Pd(Co)
alloys. They obtained S=3 and S=1 for Fe and Co,
respectively. It should be noted that in their mod-
el the enhancement of the moment can be incor-
porated in g. We will use the same model in Sec.
V. Nieuwenhuys et al.3 fitted their specific-heat
data for Pd(Fe) and Pd(Co) with the MFM including
a Gaussian distribution of g values. In this model
also, the enhancement of the moment is accounted
for by an enhancement of g only.

The method used before to obtain values for the
spin of Mn in Pd from u, combined with the Curie
constant (p,, ) may also be applied to Pd(Fe).
According to Chouteau and Tournier® g, =g S
=10p5/Fe and poe =g, [S(S + 1)] /2=1315/Fe, which
yields S=1.45 (and g,,="7), i.e., there is no en-
hancement of S. It would be desirable to have data
on i, and p ., (measured on the same sample)
for other giant-moment systems as well. A par-
ticularly interesting case is Fe in Ni;Ga where
moments as high as 84u,/Fe have been reported
by Liddell and Street.® The hyperfine-field data
obtained by these authors were analyzed assuming
£=2, so that the giant moment was ascribed to a
giant spin. For Mn in Pd we arrive at the opposite
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conclusion, i.e., a free-ion spin and a giant effec-
tive g value. This will be discussed further in
Sec. V.

Accordingto Table IV, p, =g.S’ decreases
with increasing Mn concentration. Such a decrease
has also been observed in Pd(Fe) and Pd(Co)
alloys.*! The relative change of the d-band part
of the moment as a function of Mn, Fe, or Co
concentration is about the same. For the lowest
concentrations of Mn in Pd (Table IV) the band
part of the moment is 7.9 -5=2.9u5/Mn, For
the 2.45-at.%-Mn alloy the band contribution is
6.6 —5=1.6uy/Mn, i.e., a decrease by 45%. For
Fe in Pd the band part of the moment at very low
concentration® is 10 —-3=7u;/Fe, assuming S
=3.313¢ Por 2.5-at.% Fe in Pd the band part of
the moment® is 8 —~ 3=5u5/Fe, a decrease by
30%.

According to Eq. (1) the band part of the mo-
ment is proportional to AY,. Regarding A, Kim
and Schwartz®” have calculated that both the range
and the amplitude of the matrix polarization should
decrease when the d-band splitting increases.

This would imply different values for u, mea-
sured directly and u, as obtained from p,; (using
=3). However, for this effect to be important,
the required bandsplitting would occur with
~1-at.% Fe in Pd or with ~3-at.% Mn in Pd, which
is beyond the concentration being considered here.

The question of whether the band part of a giant
moment is proportional to x,. (=X,) was considered
by Guertin and Foner.*? These authors measured
b, of FeinPd,_,_,A, B, hosts (A=Ag, Pt; B
=Rh) and found I, not to be proportional to the
matrix susceptibility. However, a problem with
alloys in general is that the variation of the matrix
susceptibility upon alloying may not be spatially
uniform. In Pd(Mn) alloys Eq. (1), with x, values
from Table IlI, accounts approximately for the
variation of u, =g7..S as a function of concen-
tration. If it is assumed that the decrease of ¥,
at the Mn sites is stronger than elsewhere, the
variation of u, with respect to the variation of
Xo would be reduced, which seems contrary to
our observations. One might hope to obtain in-
dependent information on the variation of yx, upon
alloying in Pd(Mn) by substituting a solute that is
isoelectronic with Mn and nonmagnetic in Pd, e.g.,
Re. For the susceptibility of Pd(1-at.% Re) we
found a value of 4.30X107® emu/g, which remained
constant up to 7=130 K and then decreased slowly
to 3.73X107¢ emu/g at T=260 K. This cannot be
a reliable estimate for x, of Pd(1-at.% Mn). When
the Pd(1-at.% Re) data are used as x, for
Pd(0.96-at.% Mn), then the (Ay;)"' vs T plot is
strongly curved, with d2[(Ax;)"1]/dT?<0 (the
reverse of Fig. 5, but much worse) and this is not
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likely to be correct. Clearly, the idea of iso-
electronic substitution does not work here. Con-
sidering that X =X, up to 0.49-at.% Mn, X,
(Table III) of the remaining three alloys is prob-
ably a good approximation to the true matrix sus-
ceptibility, because (i) ¢ and c’ (obtained using
Xo: Table IV) agree quite well, and (ii) Eq. (1)
holds approximately. This does not prove Eq. (1)
but shows that our interpretation of the Pd(Mn)
data is internally consistent.

The effect of the temperature dependence of X,
is illustrated in Figs. 4 and 5. The measured
points above 50 K in Fig. 4 lie below the Curie-
Weiss fit (for which the upper bound was fixed at
50 K) indicating that X, increases with temper-
ature. The inset in Fig. 4 shows a tentative ma-
trix susceptibility, x,(7), that accounts for the
data. The open squares in Fig. 4 were obtained
in the following way. A trial xo(T) was subtracted
from the experimental data. The resulting Ay;
should then be proportional to g2; =g2[1+Ax,(T)]?,
which would lead to a deviation from the Curie-
Weiss law. Therefore Ax; was multiplied by
{[1+ 2x,(0)]/11 + Ax,(T)]}2 and the resulting (Ax,)™!
values were compared with the Curie-Weiss line
in Fig. 4. x,(T) was subsequently corrected until
satisfactory agreement was achieved. Although
this procedure leads to unique values of x,(T)
once X,(0) is known, it cannot be considered a
proof of the temperature dependence of g, (or
Deoe)- A neglect of this temperature dependence
simply leads to different values for x,(T). In the
present case at 80 K the temperature correction
to g2, is 2%. Finally, if x,(0) had to be smaller
than 6.82X107° emu/g, X,(7) also would change
and in particular the maximum value at 80 K
would increase. The preceding analysis is in-
tended as a qualitative guide; it shows the effect
of a temperature dependence of X, and indicates
that the upper bound of 50 K in the Curie-Weiss
fit was a reasonable choice.

If all the measured points up to 80 K are in-
cluded for Pd(0.49-at.% Mn) the fit is almost
equally good, but x, increases by 1% to 6.97
%x107® emu/g and C decreases by 0.5% to 3.90
X10™* emu/g. This shows that a small temper-
ature dependence of x, remains here, and that
the neglect of this temperature dependence up to
100 K for the remaining alloys is fully justified.

The effect of the gradual decrease of x, with
increasing temperature beyond 100 K is shown in
Fig. 5 and has been taken care of by the rejection
procedure in the Curie-Weiss-fitting program.

The same type of analysis that was used above
to account for the temperature dependence of X,
for Pd(0.23-at.% Mn) was used by Shaltiel et al.!
to account for the temperature dependence of x,

above 80 K in Pd(1-at.% Fe), Pd(1-at.% Co),

and Pd(3-at.% Mn). Although the analysis seems
qualitatively correct, these authors used xpq for
Xo- From our previous analysis we conclude that
this is not a very good approximation, particularly
not for Pd(3-at.% Mn) (see also Ref. 42). The
values for © and y listed in Table III will be dis-
cussed in Sec. VIIA, along with T.

V. o(H,T)-MOLECULAR -FIELD MODEL

Thus far we have only discussed the two limiting
cases, H-H > kBT (U‘sat) and ’J'H < kBT (peff)' In
this section we consider the intermediate region,
i.e., the field dependence of the magnetization.
The experimental data will be compared with the
model of Takahashi and Shimizu.?® This model can
be summarized (in a slightly simplified form) as
follows. The impurity moments and the d band
interact with an energy

E= —)\oiod s (4)

i.e., a molecular field ro; (proportional to the
local moment magnetization ¢;) acts on the itiner-
ant d electrons (magnetization ¢,), and conversely
a molecular field Ao, acts on the local moments.
When a magnetic field H is applied, the matrix
magnetization (assumed to involve d electrons
only) is

0,=Xo(H +10;), (5)

where X, is the matrix susceptibility. The mag-
netization of the (unenhanced) local moments is

o HpS
0 =ai0BS<gk“gv (H+Ao‘d)> ’ (6)
B

where Bg is the Brillouin function for spin S, 0y,
= Ng,Syp is the saturation magnetization of the (un-
enhanced) local moments, and the other symbols
have their usual meaning. The total magnetization
is

Ot =04 +0; = XoH + (1 +XX,)0;. (7

In the argument of the Brillouin function o, is re-
placed by the right-hand side of Eq. (5) and the
total magnetization then reads

Giot = Xl + O

=x0H+ooBs(%f§TBS<H+w)), ®)

Where o= (1 +AXO)0'iy O-Q=NgefflJ‘BSy geff =g0(1 +>\X0)y
and y =1%,/(1 +1x,)?. According to Eq. (8) the
matrix polarization caused by the local moments
can be taken into account by simply replacing £,
by an enhanced g =g,(1 +AX,), in agreement with
Eq. (1) and the discussion in Secs. III and IV. We
thus find a giant moment witlr a “normal” spin and
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a “giant” effective g value.

Equation (8) will now be compared with experi-
mental data. All quantities needed to calculate o
with Eq. (8) are known from experiment. As be-
fore, we take S=%16; o, is the saturation magnet-
ization (Table II: 0,), Zer is obtained from the sat-
uration magnetization and the Curie constant (Ta-
ble IV: gl), and v is given in Table III. Figures
6 and 7 show that the agreement between the mod -
el and experiment is very good (almost within ex-
perimental error). The Brillouin function is also
shown in the figures, calculated with the same pa-
rameters as the molecular-field model (MFM),
but with ¥ =0. This gives an indication of the im-
portance of the ferromagnetic interaction. It is
clear from Figs. 6 and 7 that the MFM can only in
a first approximation account for the ferromagnet-
ic interaction. In other words, for the MFM to be
adequate (e.g., a maximum difference of 3% be-
tween the data and the MFM), T must be suffi-
ciently large compared with ©. As a rule of thumb
we can take 723.56. For Pd(0.23-at.% Mn) below
T =4.2 K the MFM is a poor approximation to the
experimental data (Fig. 8). At T'=4.25 K, the
MFM is still not very good; at 5 K (not shown) it
is better and at 9.2 K and 13.1 K the fit is quite
good. In this concentration region the antiferro-
magnetic interaction also begins to play a role. It
was mentioned in Sec. IIT A that even at T=1.4 K|
H =54 kOe was not sufficient to fully saturate the
solute magnetization of Pd(0.23-at.% Mn) and this
was attributed in Sec. III B to direct AF coupling
between neighboring Mn atoms. This may also
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FIG. 6. Giant-moment magnetization 0 =0, —xqH,
normalized by the saturation magnetization o, of
Pd(0.05-at.% Mn) versus applied field at T =1.382 K
(¢’ =0.044-at.% Mn from Table IV is probably more reli-
able). The Brillouin curve was computed with the same
parameters as the MFM, but with y =0.
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FIG. 7. Giant-moment magnetization 0 =0y, —xoH,
normalized by the saturation magnetization o, of
Pd(0.08-at.% Mn) versus applied field at T=1.400 K,

T =4.247 K, and T =9.30 K. The Brillouin curves were
computed with the same parameters as the MFM, but
with y=0.

explain why in Fig. 8 at 4.25 K the experimental
magnetization above 40 kOe is even smaller than
the free-spin magnetization, despite the ferro-
magnetic interaction. Anticipating the discussion
in Sec. VIIC we may say that in this alloy about
8% of the Mn atoms show an AF interaction with
near neighbors (in addition to the longer-range
ferromagnetic interaction) and that the interaction
energy (in units of temperature) may be as large
as 50 K. For Pd(0.49-at.% Mn) about 17% of the
Mn atoms would interact antiferromagnetically,
which again may explain the difference between
the data and the MFM at high fields in Fig. 9 (in
this case at 7=10.06 K: 7/6=3.8). The influence
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FIG. 8. Giant-moment magnetization 0 =0, — x, H,
normalized by the saturation magnetization o, of
Pd(0.23-at.% Mn) versus applied field at T =4.25 K,
T=9.20 K, and T'=13.10 K. The Brillouin curves were
computed with the same parameters as the MFM, but
with y=0.
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FIG. 9. Giant moment magnetization 0 =0,—xoH,
normalized by the saturation magnetization oy, of
Pd(0.49-at.% Mn) versus applied field at T =5.00 K and
T =10.06 K (¢’ =0.45-at.% Mn from Table IV is probably
more reliable). The Brillouin curves were computed
with the same parameters as the MFM, but with y=0.

of these AF interactions on the entropy (i.e., the
spin) will be discussed in Sec. VIIC.

If we had not fixed the spin at S=3, but instead
had determined the spin from the best fit of the
MFM to the magnetization data, as was done by
other authors for Pd(Fe) (e.g., Ref. 38), a better
fit could have been obtained in Figs. 6-8, but a
larger spin value would result. The reason is that
with a fixed saturation magnetization and a fixed
Curie constant, the magnetization as a function of
field (beyond the region where o o H) increases
more slowly for a larger spin. However, such a
procedure cannot be correct for several reasons:
(i) The spin obtained in this way does not agree
with specific-heat data; (ii) once the spin is de-
termined by a “best-fit” procedure, g4 and ¢’ can
be obtained from the equations for u, and p.g (Sec.
IV B, Table IV). This time ¢’ does not agree with
the analyzed concentrations, however. If, e.g.,

S =% so that g=2 all values of ¢’ would decrease by
10%. (iii) The “best fit” procedure to determine

S attaches too much value to the model, i.e., the
Brillouin function and the molecular-field approx-
imation. There is no reason why this model should
precisely fit the experimental data. Since the same
arguments hold for other giant moment systems
[(ii) was never checked before, except for Pd(Fe)
in Sec. IV B] the large spin values reported for Fe
in Pd,%®"*° and in Ni,Ga,® probably reflect the in-
adequacy of the model used to fit the data. In
general one must be very careful in extracting
values for physical quantities from an analysis of
experimental data using a model, such as the
Brillouin function along with the MFM approxima-
tion. In particular, for the magnetization data,3®~*°

the curvature of the o vs H plots has been used
to determine S, which of course is very much
model dependent. In our analysis of the Pd(Mn)
data all physical quantities were obtained in the
low-field (p,,) and high-field (u,,) limits of o and
from the entropy, which is model independent.
Since our model calculations involve no adjustable
parameters (i.e., no fitting), the agreement with
experimental data in Figs. 6—8 supports the phys-
ical picture.

Nieuwenhuys et al.’* have applied the MFM with
considerable success to the specific-heat data of
dilute Pd(Fe) and Pd(Co) alloys, by incorporating
a Gaussian distribution of effective g values. As
yet there is no independent proof of the existence
of such a g-value distribution and it may be that
this is just another way to hide the deficiencies of
the Brillouin function and the MFM. A distribution
of g values would also improve the agreement be-
tween the MFM and the Pd(Mn) data in Figs 6-38,
but again this would probably overrate the model.
In conclusion we can say that the MFM (involving
the Brillouin function) gives a satisfactory de-
scription of the Pd(Mn) magnetization data pro-
vided 7= 3.56 and ¢=<0.23-at.% Mn.

Equation (8) leads to a relation between the Curie
temperature T, and Ay, (i.e., the giant moment)
namely

Te=vC =22 C/(1+1x, ), 9)

where C =Ng&p3S(S+1)/3ky is the Curie constant.
Using Ax,= 0.5, and x,=6.8X10"% emu/g we obtain
Tc=15 K/at.% Mn, which should be compared with
the experimental =5 K/at.% Mn (Table III). The
large difference is probably a result of the strong
radial dependence of the matrix polarization
around each solute atom.3® In the Pd(Mn) alloys
considered in the present paper, the ferromagnet-
ically interacting Mn atoms are several nearest-
neighbor distances apart so that only a fraction of
the matrix polarization is effective in the inter-
action process. On the other hand, in the MFM
the matrix polarization is uniform so that each
solute atom interacts equally with all others, and
the total matrix polarization is involved. Equation
(9) can nevertheless be useful to compare 7, and
giant-moment data of Pd(Mn) and, e.g., Pd(Fe).
According to Eq. (9), Ty A%,S(S+1) [the factor
(14X ) cancels against the same factor in C].
Using Ax,=0.5, S=3 for Pd(Mn) and Ax,=2, S=3
for Pd(Fe) (see also Sec. IVB), Eq. (9) yields the
ratio 7, (PdFe)/T.(PdMn)=16. About the same
ratio is found experimentally for 1-at.% Fe or Mn
in Pd. This suggests that although the magnitudes
of the Pd-matrix polarizations by Mn and Fe differ
considerably, the radial dependence of these polar-
izations is similar (at least beyond a second- or
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third-nearest-neighbor distance). The latter con-
clusion could have been used as an assumption, to
predict the giant moment of Mn in Pd long before
it was measured, using Eq. (9) and the above-
mentioned Ty ratio [7 values for Pd(Mn) have
been available!! since 1964].

Dilute Pd(Gd) alloys are also ferromagnetic,
with T;=0.6 K/at.% Gd. We determined 7, from
the specific-heat maximum®*** in which case T,
is roughly proportional to the Gd concentration
(up to T-at.% Gd). Somewhat higher 7¢ values
were obtained from the magnetization.®® There
are some problems with the determination of 7
in these alloys, which will be discussed in Sec.
VIIA. Using S=%% and Eq. (9) with T (PdMn)/
To(PdGd)= 10, one finds Ax,~0.1 so that the total
moment of Gd in Pd would be about 7.8ugz. This
is lower than the maximum value reported by
Praddaude et al.,*” but in good agreement with
more recent analysis.

VI. COMPARISON WITH SPECIFIC-HEAT DATA

In this section we will show that the giant mo-
ment of Mn in Pd can also be obtained from the
magnetic field dependence of the specific heat.
Boerstoel ef al.’® compared their data on the
specific heat of dilute Pd(Mn) alloys as a function
of temperature and applied magnetic field with
numerical calculations based on the molecular-
field model. For ¢ <0.5-at.% Mn the MFM fitted
data satisfactorily, provided the applied field was
sufficiently large compared with the saturation
molecular field. According to Boerstoel the tem-
perature of the specific-heat maximum at fixed
field, T,y computed with the MFM, is approx-
imately a linear function of the field:

T pax, 5 =©[1 +H/1.50H,(0)] (10)

for S=3. The line given by Eq. (10) fits the MFM
calculation in the range 2 < H/H,, <10 and at H=0.
A similar relationship is found experimentally.
Thus Eq. (10) can be used to obtain H,,(0), the
saturation molecular field. The molecular-field
constant y =H,(0)/c, follows immediately. Alterna-
tively, v can be obtained from the Curie tempera-
ture T ... o=© using the MFM expression for ©.
Boerstoel noted systematic differences between
the two y values thus found for each alloy. In a
footnote he suggested that significant deviations
of the g value of Mn in Pd from g=2 might cause
this inconsistency (g =2 was assumed throughout).
This possibility was not pursued, however.

Using the MFM relationships, Eq. (10) can be
written
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TmaX‘H:Tnlax,O+0‘78geff ‘J'BH/kB- (103-)

Comparing the slope dT ., n/dH with the experi-
mentally observed slopes yields values for g .
The average for the three most dilute alloys of
Fig. 11 in Boerstoel’s paper?® is g, =2.9. This is
in good agreement with the magnetization and
susceptibility data of Secs. III and IV.*® Using the
new effective g value removes the inconsistencies
in y mentioned above. In Table V the new molec-
ular-field constants are listed, together with
some other relevant data on Boerstoel’s samples.
The y values are in reasonable agreement with
those of Table III, considering the different meth-
ods by which the two sets were obtained, the
simplicity of the MFM, and the fact that the con-
centration enters in the calculation of y in Table V
(c cancels in y =©/C, Table III). The large y of
Pd(0.08-at.% Mn) in Table V may be the result of
an error in c¢ plus the fact that for this alloy the
maximum incremental specific heat is only 10%
of the total. T, and y will be discussed further in
Sec. VIIA.

Turning now to Gd, a MFM calculation for

S=L analogously to S=3'® yields
Tmax.HzTmax,0+0'98geﬂ-}J-EH/kB. (]_1)

The line given by Eq. (11) fits the MFM calculation
in the range 3 <H/H, <10 and at H=0. Such a
relationship has also been observed experimental-
ly. Zwart* found, for Pd(0.75-at.% Gd),

dT pax, y/@H=0.14x107% K/Oe, yielding g, =2.1,
i.e., a small enhancement of the moment which is
hardly outside experimental error.*® (See Sec.
VIII for a comparison with EPR data.) Our analy-
sis of the field dependence of the specific heat is
thus consistent with the T ratio (Sec. V) in pre-
dicting a small enhancement of the moment of

Gd in Pd.

TABLE V. Pd(Mn) data obtained from the specific
heat (Ref. 16). T, was identified with the temperature
of the specific heat maximum. For all alloys the aver-
age getr =2.9 was used to obtain y from H,, (0).

Concentration Tc H, (0) Y
(at.% Mn) (K) (kOe) (10% g/emu)
0.08 e 3.2 10.5
0.19 0.49 4.5 6.2
0.54 1.93 8.7 4.2
1.35 4.50 20 3.9
2.45 5.75 b o
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VII. FERROMAGNETIC PROPERTIES

A. Curie temperatures; molecular-field constants

As observed in the specific-heat data,® the mag-
netic transition of dilute Pd(Mn) alloys is unusually
sharp compared to Pd(Fe), Pd(Co), or other dilute
magnetic alloys. The anomaly is cusp shaped,
which is reminiscent of MFM predictions below
T.. However, more than 20% of the entropy of
the transition is gained above T, which is not
expected from the MFM.

Discrepancies have been noted in the literature
between Curie temperatures obtained from specific
heat, magnetization, and resistivity data for
dilute Pd(Fe) and Pd(Co) alloys. Here we will
show that such discrepancies do not occur in
Pd(Mn) and that the magnetic transition is about
as sharp as the specific-heat cusp.

In Fig. 10 we compare low-field magnetization
data of Pd(1.35-at.% ZMn) with Pd(0.24-at.% Co).
The samples were cut from the specific-heat
specimens of Refs. 16 and 34 with T =4.54 K for
Pd(1.35-at.% Mn)'® and T,=4.16 K for Pd(0.24-
at.% Co).>* No magnetic hysteresis was observed
in any of our Pd(Mn) alloys (i.e., the width of
the hysteresis loop was less than 0.5 Oe). Below
the “kink” [Fig. 10(a) | the magnetization is pro-
portional to the applied field and the inverse sus-
ceptibility below 7', is independent of the tempera-
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FIG. 10. Comparison of magnetization data of Pd(Mn)
and Pd(Co) alloys: (a) Magnetization versus applied field
of Pd(1.35-at.% Mn) at T =1.3 K (spherical sample). Up
and down sweep data are coincident. The full hysteresis
‘“loop” was taken, but only the positive part is shown.

(b) Magnetization versus applied field of Pd(0.24-at.%

Co) at T'=1.3 K (cylindrical sample). The full loop was
taken, but only the positive part is shown. (c) Magnetiza-
tion of Pd(0.24-at.% Co) at T =20 K.

ture and equal to the demagnetizing factor (N =%7)
within experimental error. In contrast, hysteresis
was observed in the Pd(0.24-at.% Co) sample over
a wide temperature range about “T..” Here T,
was determined from a fit of a model calculation
to specific-heat data,?® and is close to the temper-
ature of the specific-heat maximum. Evidence of
hysteresis remained up to 20 X. It should be noted
that the Pd(0.24-at.% Co) alloy was homogenized
at 1000 °C for 48 h. A Pd(0.2-at.% Co) alloy,
rapidly quenched from the melt, showed a reduc-
tion by a factor of ~4 in coercive field at 4.2 K.

In Fig. 11 the magnetization data on Pd(1.35-at.%
Mn) close to T are plotted in the usual form of
o® vs H;/o, where H, is the applied field minus the
demagnetizing field No. In such a plot T is iden~
tified with the isotherm that passes through the
origin. From Fig. 11 we thus conclude that
4.533<T,<4.588 K. A more precise value for
T, can be found when the inverse susceptibility
above T, [i.e., (H;/0),ato=0]is plotted versus
the temperature and extrapolated to (H,;/0),=0.
The experimental points then lie on a strongly
curved line, which makes extrapolation difficult.
It is easier to determine a constant y, such that
when the points (H;/0)} 7+ are plotted versus tem-
perature they lie on a straight line.?® This pro-
cedure yields T, =4.540+0.005 K for Pd(1.35-at.%
Mn) in excellent agreement with the specific-
heat value of'® 7, (Table V). The constant y,, the
critical exponent for the susceptibility above T,

H; /o (Oe g/emu)

FIG. 11. Magnetization isotherms of Pd(1.35-at.% Mn)
close to T¢: (1) T=4.336 K, (2) T =4.384 K,
(3) T=4.433 K, (4) T=4.459 K, (5) T=4.483 K, (6) T
=4.507 K, (7) T=4.533 K, (8) T =4.558 K, (9) T =4.585 K,
(10) T=4.613 K, (11) T =4.640 K, (12) T=4.690 K,
(13) T=4.735 K, (14) T =4.784 K, (15) T =4.834 K,
(16) T=4.882 K.
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would then be y,=1.53. (See also Sec. VIIB.)
Because of the strong curvature of the isotherms
in Fig. 11 a reliable value for T can be deter-
mined only when data are obtained at very small
internal fields H;. Furthermore, the procedure

is only meaningful if a Curie temperature does
indeed exist, i.e., a temperature at which the
susceptibility diverges and a spontaneous mag-
netization appears. The kink in Fig. 10(a) indicates
that below T'; a well defined spontaneous magneti-
zation (i.e., o at H - No =0) exists which according
to Fig. 11 disappears at a well-defined tempera-
ture. For comparison we did some brief measure-
ments on Pd(5-at.% Gd), which is ferromagnetic
with T,~3 K. No hysteresis was found, but
neither was there a “kink” in the magnetization
curve below T,. Instead, as in Pd(Co), a gradual
decrease of do/dH with increasing field was ob-
served and the specific-heat anomaly was not
sharp either. According to the preceding discus-
sion, T values obtained from plots of ¢® vs H;/c
for dilute Pd alloys with Fe, Co, or Gd must be
considered with some caution [cf. also the re-
marks on Pd(Gd) in Sec. V].

The Curie temperatures are listed in Table VI.
These were obtained for some of our alloys using
isotherm plots such as those in Fig. 11. Also
included are the Curie-Weiss temperatures. Al-
most all T, and 6 values for Pd(Mn) up to 4-at.%
Mn that have been published so far are presented
in Fig. 12. The © values from the various sources
are in good agreement with each other. The same
is true for T, obtained from various physical
properties (except two points from Ref. 14). As
usual, © was greater than T, indicating that the
MFM does not describe the ordering process very

TABLE VI, Curie-Weiss temperatures © and Curie
temperatures Tp of Pd(Mn) alloys obtained from, res-
pectively, the low-field susceptibility (Table III) and
from isotherms such as those shown in Fig. 11. The
trend of ©/c’and Ty /¢’ does not change when ¢’ is re-
placed by ¢. According to Sec. IVB (Table IV), ¢’ is
thought to be more accurate than ¢c. The uncertainties
of T; are mainly determined by the temperature inter-
vals of the isotherms, except for Pd(1.35-at.% Mn),
where rounding causes the error.

Alloy (€] o/c T To/c
(at.% Mn) (K) (K/at.% Mn) (K) (K/at.% Mn)

0.05 0.180 4.12

0.054 0.241 4.53

0.08 0.387 4.89

0.23 1.334 5.77
0.49 2.66 5.92 1.55+0.05 3.44
0.96 4.56 4.79 3.45+0.05 3.62
1.35 5.48 4.25 4.540+0.005 3.52
2.45 7.12 3.04 6.14+0.02 2.62
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well. The initial concentration dependence of T'¢
is To~ ¢™, with m >1. From Table VI it appears
that © varies similarly as ¢™, since 6/c¢’ increases
initially with concentration. Around 1-at.%,m=1.
This behavior can be qualitatively understood when
the radial dependence of the matrix polarization is
taken into account.® This radial dependence may
also explain the rapid broadening of the magnetic
transition upon progressive dilution of Pd(Mn)
alloys below about 0.5-at.% Mn, reflecting a
changeover from long-range ferromagnetic order
to an ordered state of more short-range character.
It is interesting to compare Fig. 12 with Fig. 6
of Ref. 34 which shows the Curie temperatures of
dilute Pd(Co) alloys. The values of © and T, for
the two alloy systems [and also Pd(Fe)] appear
to scale up to 1-at.% solute concentration (see also
Ref. 52). This suggests that one should compare
alloys with the same solute concentration instead
of the same T, and that the magnetic transition of
Pd(1-at.% Fe) and Pd(1-at.% Co) may be as sharp
as that of Pd(1-at.% Mn). The latter system may
then not be as unique as it seemed to be at first
sight. Resistivity data’® do indeed confirm such
an increasing sharpness of the magnetic transi-
tion in Pd(Fe). It would be interesting to study
the specific heat of Pd(Fe) and Pd(Co) alloys with
1-at.% or higher solute concentration, although
the large lattice specific heat will probably inhibit
the determination of the solute contribution.
Beyond 1-at.% Mn, T and © tend to flatten off
as a function of concentration. At about 2.5-at.%
Mn, © attains a maximum (7, values are not

8 T T o
L AI V. |
¥
6 N a—
X
® a
L N |
< . Q e SFM (X)
o 4k " 94{a RB (X) _
S 3 = HJw (X)
=L o SFM (o) B
o x BZH (C)
2 o N (p) -
. g Tels ss (p)
L o v WL (p) 4
0 + BM (X)
Oo‘Dzﬁ ! | I
0 | 2 3 4
¢ (At. % Mn)

FIG. 12. Comparison of Curie-Weiss temperatures 6
and Curie temperatures T of Pd(Mn) alloys reported
from various sources. SFM: present work, suscepti-
bility and magnetization; RB: Ref. 32, susceptibility;
HJW: Williams quoted in Ref. 12, susceptibility; BZH:
Ref. 16, specific heat; N: Refs. 52 and 53, resistivity;
SS: Ref. 12, resistivity; WL: Ref. 14, resistivity;
BM: Ref. 51, susceptibility.
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available above 2.9-at.% Mn) and eventually be-
comes negative.® This maximum as well as the
trend of ©/c’ and T,/ ¢’ in Table VI reflects the
increasing importance of direct AF interactions
between neighboring Mn atoms, which were men-
tioned before in Secs. III B and V.

The trend of the molecular-field constant y
(Table III) as a function of Mn concentration is
similar to that of ©. According to the MFM,
y=6/C. Because p,, (and therefore C) decreases
only slowly with increasing concentration, the
trend of y is determined mainly by the variation
of ©. Less weight should be given to the y values
obtained from the specific heat (Table V), because
these depend on the analyzed concentration (in
contrast to the y values of Table III) and were
obtained in a temperature region closer to T,
so that they are more sensitive to the deficiencies
of the MFM.

B. Spontaneous magnetization and spin-wave stiffness constant

From Fig. 11 one can also obtain the spontan-
eous magnetization. A common method is to
draw lines of constant o and plot the points
(H;/o, T) obtained from the intersections with
the isotherms. The temperature corresponding
to a particular value of o, is found from extra-
polation to H;/0 =0. Again, it may be easier to
plot (H;/0)Y7+ vs T (cf. also Sec. VIIB). In this
way we determined values of ¢, close to 7 for
the three most concentrated Pd(Mn) alloys. Be-
low T=0.9T, it is more convenient to use the
“kink” [Fig. 10(a)] as a measure of 0,. For a
magnetic transition where hysteresis, anisotropy,
and other rounding effects are negligible, do/dH
should be discontinuous and the determination of
0 would be unambiguous. The present Pd(Mn)
alloys show some rounding (see also below) and
we arbitrarily identified o, with the point at the
kink where do/dH is approximately % of the in-
itial slope, i.e., 1/3N, where N is the demagnet-
izing factor. In the region where both methods
were employed, the o, values differed af most by
3% which was adequate for our purpose.

Boerstoel' has attempted to determine critical
exponents for the specific heat of some Pd(Mn)
alloys near T.. The fact that some rounding of
the transition is observed was assumed to be due
to the statistical distribution of Mn atoms in the
Pd lattice and was accounted for by including a
Gaussian distribution of T values in the fitting
procedure by which the critical exponents were
obtained from experimental data. It was found
that @_< -1, but «_ approaches the value -1
with increasing Mn concentration (for definitions
see Ref. 16). In view of the long-range matrix

polarization one is tempted to think of an approach
to molecular-field behavior (a_=-1), but apart
from the results discussed in Sec. VI there is no
further support for that assumption.

If a description of the Pd(Mn) transition by
means of critical exponents makes sense, the ex-
ponent B for the spontaneous magnetization should
approach 8=} (such as o_ approaches the value
—1). In this case it is very difficult to account
for the observed rounding, because in addition
T, H; is involved as a parameter in the determin-
ation of 0;,. Rounding effects were therefore
ignored. From the data shown in Fig. 11 we find
for Pd(1.35-at.% Mn): B8=0.60 and y, ~1.53. Both
values are unusually large, which is to be expected
when rounding is neglected. Therefore, if critical
exponents can be defined at all for the magnetic
transition of dilute Pd(Mn) alloys they do not
seem to be useful here.

The data further below T permit some inter-
esting conclusions to be drawn. In Fig. 13(a) o,
is plotted as a function of T/7T for three Pd(Mn)
alloys and is compared with the MFM using the
average moment of Mn in these three alloys
(from Table IV the average of g'S=6.96u 5/Mn).
The spontaneous moment per Mn atom at 77=0 is

og/c {png/At.Mn)

<
o
3 N
e | M (0.96 At.% Mn) °J.+ |
=, o Pd(1.35At.%Mn)
—
N 021 o Pd(2.45At%Mn) ’*.?—
b
— MFM,S$=5/2 "{d
0 L | 1 | 1 | 1 | L 1
0 0.2 0.4 0.6 0.8 1.0
T/Tc

FIG. 13. Spontaneous magnetization versus tempera-
ture: (a) Spontaneous magnetization o, in ugy per solute
atom versus T /T for three Pd(Mn) alloys. The solid
line represents the molecular-field model for S =% using
the average saturation moment per atom of the three
alloys; (b) 0,/Tc. The solid line represents the molec-
ular-field model scaled to 0,/Tc=0.67 emu/g K at T =0.
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evidently considerably smaller than the saturation
moment, and decreases with increasing Mn con-
centration. This is caused by antiferromagnetical-
ly interacting (AF) Mn atoms which are not, or
only weakly, polarized by the ferromagnetic ex-
change field [the maximum exchange field yo(7 =0)
=~ 20kOQe for both Pd(1.35-at.% Mn) and Pd(2.45-at.%
Mn)]. As Fig. 13(b) shows, the data for the var-
ious alloys can be brought closer together when

0, is normalized by T,. This suggests that in a
first approximation the AF Mn atoms may be
neglected and an effective concentration of ferro-
magnetically interacting (F) Mn atoms may be
defined, to which T and o are proportional. The
resistivity data of Williams and Loram support
this conjecture. In Table VII the normalized re-
sistivity “step” [Ap(T.) — Ap(T =0)]/c decreases
strongly, but [Ap(T,) - Ap(T=0)]/T, decreases
only slightly with increasing Mn content of the
alloys.

Using the MFM relationship, 0,/T¢
=3kp/ Y8 LB(S+1)=0.67 emu/gK (Fig. 13) and
g ; =2.78 (the average of gy for the last three
alloys of Table 1V), we obtain y=6.8x10°
Oeg/emu and T =5.45 K/at.% Mn. These values
are somewhat larger than those given in Table III
for the alloys considered in this section, because
the former now apply to the F Mn atoms only
whereas the latter represent the total effect of
both F and AF Mn atoms.

In order to obtain a rough estimate of the num-
ber of AF Mn atoms, we assume that a number »
exists such that an Mn atom which has no neigh-
bors within a sphere containing » lattice sites in-
teracts ferromagnetically with others of the same
kind. If a Mn atom does have one or more neigh-
bors within that region it interacts antiferromag-
netically with these neighbors, and does not con-
tribute to o, or to T (2 might be called a coordina-
tion number for AF interactions). The ratio of the
number of F Mn atoms to the total number of Mn
atoms is then (1 —¢)". Values of # obtained in this
way, using T, =5.45 K/at.% found above for the
F Mn atoms, are given in Table VIII. It appears
that Mn atoms that are more than a next-nearest-
neighbor distance apart may still interact anti-

ferromagnetically. The decrease of # with in-
creasing ¢ should not be taken seriously, in view

of the simplifying assumptions underlying the esti-
mates. A more detailed discussion will be pre-
sented in Sec. VIIC.

The spontaneous magnetization of two alloys is
plotted as a function of (T/T.)¥? in Fig. 14. We do
not consider this figure a proof of the T%2 depen-
dence of o at small T/Tc because the precision
of the data is insufficient and they do not extend
to low enough temperature.*®® Instead, we will
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TABLE VII. Pd(Mn) resistivity data of Williams and
Loram (Ref. 14).

¢ [A0(Te) =2 (T=001/c  [Ap(Tg)—bp (T=0N/T
(at.% Mn) (U ecm/at.%) (1 cm/K)
1.05 0.097 0.026
2.40 0.078 0.025
2.91 0.061 0.023

take the T'3/2 dependence for granted, in order

to determine values for the acoustic spin-wave
stiffness constant D. The spontaneous magnetiza-
tion is assumed to vary according to the well-
known spin-wave formula (see, e.g., Ref. 56)

04(T)=0,(0) — (2.612g _ uzc/87/%0) (ks T/D)*?,

eff

(12)

where p is the density of the alloy. Values for D
obtained from Fig. 14 and Eq. (12) are given in
Table IX. D appears to be proportional to T,
when the analyzed Mn concentration is multiplied
by the ratio of F Mn atoms to the total number of
Mn atoms (see the discussion of Table VIII) and
this D value is in very good agreement with the
experimental result D~0.7 AZK of Williams

et al.,’>**% which was obtained from electrical
resistivity data. These authors eliminated the
Mn concentration from the formula for the 73/2
term of the resistivity using Ap(7.) — Ap(0). We
have seen (Table VII) that Ap(7) — Ap(0) is a
good measure of the number of F Mn atoms so
that the agreement between Williams’s and our re-
sults can be taken as a support for the preceding
analysis.

Theoretical expressions for the spin-wave stiff-
ness constant of giant-moment alloys have been
derived by Doniach and Wohlfarth®® and by Cole
and Turner,’” and were compared with experi-
ments by Williams and Loram.*® We will compare
our Pd(Mn) data with the Doniach-Wohlfarth for-
mula

D =2cSn% (Ao P/ (1 +1y,)272 mx, (13)

TABLE VIII. Estimate of the number of antiferromag-
netically interacting Mn atoms.

Alloy Te (expt ) 5.45¢ Ratio

(at.% Mn) (K) (K/at.%) =(1-c)l n
0.96 3.45 5.23 0.66 43
1.35 4.54 7.36 0.62 36
2.45 6.14 13.4 0.46 31
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where z is the number of d holes per atom of the
matrix and m} is a d-band effective mass. When
the experimental value is substituted for Ay,
=(zg/) -1 (Table IV) and the analyzed concentra-
tionis corrected for the AF Mn atoms (Table VIII),
one obtains D =11(m,/m¥)T¢ A?K. This agrees
with experiment if m} ~15m, which is about the
same value as used by Williams and Loram.*® Al-
ternatively, Ay, and ¢ may be eliminated from Eq.
(13) using Eq. (9) which yields

D/kpTc =2xJi* /N, (S +1)g . golg2 MY, (13a)

where N, is the number of lattice sites per gram.
Equation (13a) agrees with the experimental data
if m*~6m,. The discussion in Eq. (9) in Sec. V
also applies here. We thus arrive at the same
conclusion as Williams and Loram, namely, that
theory and experiment on D agree within a factor
2 or 3. This is not unreasonable in view of the
approximations involved, viz., use of the MFM
for the ferromagnetic interaction and the effective-
mass approximation for the d-hole energy spec-
trum. More importantly, the values for D obtained
experimentally from electrical resistivity and
spontaneous magnetization data agree very well.
However, some caution should be exercised, be-
cause the contribution of the AF Mn atoms to the
electrical resistivity and spontaneous magnetiza-
tion is probably not negligible. This is apparent
in the specific-heat data,'® which do not vary as
T'3/2 in the temperature region where the other
properties do vary in this manner.

Williams ef al.'® have suggested the occurrence
of optical spin waves in dilute ferromagnetic
Pd(Mn). This suggestion was based on Doniach

T T T T T T T T

—4.0

° —— 3.5 °

= 3

15 _ £

2 2

Y 1 Y
—3.0
—2.5

L | ~
) 0.5 1.0
(T/Tc)3?

FIG. 14. Spontaneous magnetization of two Pd(Mn)
alloys versus (T/T¢)%2.

TABLE IX. Experimental spin-wave stiffness constant
D for two Pd(Mn) alloys. The values D (corr.) were ob-
tained after multiplication of the concentration by the
ratio T, /5.45¢ (see Table VIII). For g the values
gl in Table IV were used.

Alloy dog /d(T/Tc)¥? D D(corr )
(at.% Mn) (emu/g) A2K) A?%K)

1.35 -1.98 0.927T¢ 0.67T¢

2.45 -2.21 1.217¢ 0.727T¢

and Wohlfarth’s expression for the energy of an
optical mode at zero wave vector, which can be
written

Eop =CcJi/Up=cN ML +2xo)Sg2 15, (14)

where u is the giant moment (J is defined in Ref.
30). Equation (14) yields E,,~37 K/at.% Mn.
This is considerably larger than the value pro-
posed by Williams et al.'® because the values for
J and u used by them are too small. It seems to
us, therefore, that optical spin waves play a neg-
ligible role in the Pd(Mn) system.

C. Antiferromagnetic interactions

In previous sections the assumption of antiferro-
magnetic interactions between near-neighbor Mn
atoms was employed to explain the relatively
small spontaneous magnetization and the high
fields required for saturation. Also, an estimate
was made of the range of these AF interactions.
In the present section we discuss a simple model
to fit the high-field magnetization of two Pd(Mn)
alloys. From the parameters of this model, esti-
mates will be obtained for the magnitude of the
AF interaction energy and for the number of Mn
atoms involved.

We assume that all Mn atoms in the alloy have
the same moment (i.e., cause the same matrix
polarization) and that the resulting ferromagnetic
interaction is described by a single molecular-
field constant y. The long range of the matrix
polarization and the discussion in previous sec-
tions may to a certain extent justify the use of
yp. In addition, Mn atoms within a certain dis-
tance are assumed to interact antiferromagnetical-
ly. This interaction is assumed to be a pair inter-
action, and to be independent of their mutual dis-
tance and of the distance of other Mn atoms. It is
also described by a molecular-field constant y 4.
Because the AF interaction is short range, the
use of y, has no particular justification but is a
crude approximation. The magnetization of Mn
atoms interacting ferromagnetically only is 0,
with saturation magnetization ¢,,. The remaining
Mn atoms have magnetization o, with saturation
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value 0,,. The following equations then hold:

¢k 8S
0,=0,0Bs (ng“TB (H+v50, +7’F02)) (15)
and

. S
0, =0,0Bs <%— (H+yp0, +7y50, = 7A02)> ’

(16)

where Bg is the Brillouin function. One might
argue that for the AF coupling the unenhanced g,
should be used, rather thang .. However, an
analysis along the lines of Egs. (5)—(8), including
AF coupling, shows that Eq. (16) is correct. It
should be noted that, although the AF exchange
field y 4,0, contains the bulk magnetization o, (for
convenience) it represents the effect of one Mn
atom on one neighbor.

We are interested in the magnetization at high
fields where o, is nearly saturated (see the dis-
cussion below, and Table X). Equation (15) then
reads 0, =0,, and Eq. (16) becomes

S
0, =0yBs <g7:£;“T_B [H+7F010 +(yr— 7A)02]> s
(16a)

which is easily solved if the constants are known.
Equation (16a) will be fitted to the magnetization
of Pd(1.35-at.% Mn) and Pd(2.45-at.% Mn) at T
=4.2 K and in applied fields above 40 kQe (to sat-
isfy 0, =0,,). The total magnetization at H=0 and
T =0 [0(0,0)] is obtained by extrapolation in Fig.
14, giving the equation 0(0, 0)=0,,+0,(0,0). A
second equation for o, and 0,(0,0) in terms of y5
and v, is then found from the argument of By in
Eq. (16a), i.e., yz0,0+(yr—7v4)0,=0 at H=0 and
T=0. From o, (=0f, Table IV) we get 0,,=0,-0,,,
which leaves two unknowns, yy and y,. From
Eqgs. (15) and (16) one easily derives an expres-
sion for the Curie temperature, i.e., the tempera-
ture T at which the susceptibility

X =0,Q/[1 =0,Qyr+03,Qy4/(06+0,0050Q74)]

1m
diverges [@ =g  up(S+1)/3ksT]. T, is largely
determined by yp. Values for y, and y4, were
chosen so that T was equal to the measured
Curie temperature. By trial and error these
values were changed (keeping T, fixed) until the
computed magnetization 0 =0,,+0, best fitted the
experimental data. The results are shown in Fig.
15. For Pd(1.35-at.% Mn) the deviation between
the model and the data is less than 1% of 0. A-
round H =50 kOe the model magnetization is small-
er than the data, contrary to what we expect be-
cause of the approximation ¢, =0,,. This suggests
that not all AF interactions have the same magni-

ol(emu/g)
o(emu/g)

1 1 3
0] 50 100 150 2([JO
H (k Oe)

FIG. 15. Magnetization of two Pd(Mn) alloys as a func-
tion of applied field at T =4.2 K. Solid lines: model
calculation as discussed in the text. Dashed lines: high
field slopes from Curie-Weiss fits of the susceptibility
data.

tude, but that values smaller than the average
represented by yp occur. This is more obvious
in the Pd(2.45-at.% Mn) data. Here the fit is not
very good. It seems that at 210 kOe the solute
magnetization was not fully saturated so that the
parameters used (viz., 0085 etc.) may have
been slightly in error. It is clear that AF inter-
actions both weaker and stronger than the value
represented by v, do occur.

The model parameters for the two alloys are
listed in Table X. The molecular-field constant
v of Pd(1.35-at.% Mn) does not differ much from
the one in Table III, but y, of Pd(2.45-at.% Mn)
is considerably larger. This is probably a con-
tinuation of the increase of vy for the alloys up
to 0.49-at.% Mn, which in Table III was masked
by the large number of AF solute atoms. From
the AF exchange field y,0,, it follows that the AF
interaction energy is E, =y 0,08 45S =7.7x10715

int

erg (=55 K) for both alloys. Williams ef al.'® have

TABLE X. Model parameters used in Eq. (16a) to ob-
tain the solid lines in Fig. 15. x, and g.rr were taken
from Tables III and IV, respectively. n is the “coordin-
ation number” for antiferromagnetic interactions (see
text).

Parameter 1.35-at.% Mn 2.45-at.% Mn

& eff 2.86 2.65
Xolemu/g) 5.75%x 1076 4.36x107¢
ayolemu/g) 3.15 2.86
Tyolemu/g) 1.71 5.40

o (0, 0) (emu/g) 3.48 4.12
vp(Oe -g/emu) 5.87x 10° 7.73x 10

Y 40 50 (kOe) 105 137

n 32 43
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estimated E,  on the basis of Caroli’s double reso-
nance mechanism®® and obtained E; , 15 K for
nearest neighbors, consistent with their experi-
mental result.’® However, the theoretical value
is extremely sensitive to the parameters (because
kpR is large) and could easily be a factor of 2
larger. According to the double resonance mech-
anism, interaction with second- and third-nearest
neighbors may also be of AF sign (though weaker).
Moriya® has shown that covalent admixture may
also cause AF coupling between nearest-neighbor
Mn atoms, but the magnitude of the coupling is
difficult to estimate.

One may wonder how much the AF coupling would
affect the measured spinvalue. This canbe esti-
mated as follows. If the interaction energy has the
form E =-JS, - §,, where §1 and §2 are Mn spin
vectors, this energy is proportional to the cosine of
the angle between the spins. The specific heat (Schott-
ky anomaly) and entropy are then easily calculated.
Measurements were performed'® up to 30 K
where, according to this model (if S=3 and E,
=55 K), 70% of the entropy is recovered. In the
worst case [Pd(2.45-at.% Mn)], about 60% of the
Mn atoms interact AF, so that 18% of the entropy
would be lacking at 30 K. Considering that the
entropy data are extrapolated from plots of en-
tropy versus T2, at least two-thirds of this re-
maining entropy is probably also recovered. If
indeed one obtains 94% of the total entropy, the
experimental spin value would be low by 11%
which is consistent with the data.'®

Referring to Sec. VIIB we now redefine n such
that a Mn atom that has no neighbors within a
sphere containing # lattice sites interacts ferro-
magnetically with all others, whereas a Mn atom
that does have one or more neighbors within that
range, in addition, interacts antiferromagnetically
with these neighbors. It follows that (1 —c¢)"
=0,,/0, and n thus obtained is listed in Table X.
As in Sec. VII B we conclude that AF interactions
extend to third-nearest neighbors. One might
guess that » would be close to either the number
of first neighbors (12), the sum of first and sec-
ond neighbors (18), or the sum of first, second,
and third neighbors (42). The fact that 18 <n <42
in one case, and that » seems to increase with ¢
must be attributed to the simplicity of the model.
The values of » might be explained if nearest-
neighbor Mn atoms interact AF, second neighbors
F, and third neighbors AF. Williams ef al.'® have
estimated the fraction of F and AF Mn atoms in a
Pd(2.91-at.% Mn) alloy from magnetoresistivity
data. In zero applied field they found 0.955-at.%
F and 1.955-at.% AF Mn atoms, so that#n=38, in
good agreement with the results in Table X (see
also Table VIII).
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Taking fixed values for n, yp, and y,0,,, the
model discussed in this section can be used to
compute T as a function of Mn concentration.

It turns out that T'; increases monotonically, in-
stead of passing through a maximum (Fig. 12;
see also Fig. 6 of Ref. 16). This indicates that
the AF nearest-neighbor interaction is larger
than the average value for n-neighbor sites ob-
tained from the model, and becomes more dom-
inant as the number of nearest-neighbor pairs
increases. It is also possible that the strength

of the AF coupling depends on the presence of
other Mn atoms. With the large value of n (= 38),
at ¢ =2 at.% more than 15% of the Mn atoms occur
in triples or larger groups. Finally, the ferro-
magnetic exchange constant y, will decrease when
the ratio of F to AF Mn atoms becomes small.

When x ! [Eq. (16)] is plotted versus T, the re-
sulting curve is concave toward the 7 axis (as
for a ferrimagnet), so that ©< 7T, in contrast
with experiment. It should be noted, however,
that the minimum temperature of the range of fit
(Table III) approaches the value © as ¢ increases.
This may be the result of the AF interactions.

Although the foregoing remarks demonstrate
some limitations of the model, it nevertheless
gives a satisfactory account of the high-field mag-
netization and provides some insight into the inter-
actions in Pd(Mn) alloys.

VIII. REMARKS ON RELATED EXPERIMENTS

We have shown that, in order to consistently
describe the low-field susceptibility, magnetiza-
tion and specific heat of dilute paramagnetic
Pd(Mn) alloys, the “giant” moment of Mn must
be assigned a “normal” spin S =2 and a “giant”
effective g value g . =3. One may wonder how
this result compares with EPR data. Cottet®®
has measured the EPR of Pd(Mn) alloys (for ¢
= 0.23-at.% Mn) and found g =2.2 in the limit of
low concentration. This is considerably smaller
than g .4, but the two values are not directly com-
parable. In EPR, unlike static experiments, re-
laxation effects play an important role. Taking
as a guide the phenomenological theory of Hase-
gawa® one expects a large g shift (consistent with
£.¢~3 for Mn in Pd) when the band-electron-spin—
lattice relaxation time is short compared to the
band-electron-local-moment relaxation time.
Since the observed g shift is relatively small one
might think that the spin-lattice relaxation time
is long. However, according to Coles et al.®® the
resonance of Mn in Pd is not bottlenecked, so that
it is rather difficult to reconcile the “static” with
the “dynamic” g value. A similar and even more
serious problem occurs with Gd in Pd. Here a
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small enhancement of the moment of Gd is in-
ferred from specific-heat and magnetization data
(cf. Secs. V and VI) so that g >2, whereas the ob-
served EPR g shift is negative.'’*®® The discus-
sion of these problems is beyond the scope of our
paper. We wish to emphasize, however, that with-
in the context of static experiments as discussed
in the foregoing sections all data are consistent
with a large g =u/S.

EPR measurements on single-crystal dilute
Pd(Mn) alloys revealed no anisotropy.’® Neither
did Nieuwenhuys®® find any anisotropy in the spec-
ific heat of single-crystal Pd(0.1-at.% Fe) and
Pd(0.1-at.% Co) alloys as a function of applied
magnetic field.

We finally wish to point out a certain similarity
between Pd(Mn) and (Ge, _,Mn, )Te.*® The latter
system is also ferromagnetic, with 7,=4 K/at.%
Mn, almost equal to that of Pd(Mn). The inter-
actions are carried by the conduction electrons
through the Ruderman-Kittle-Kasuya-Yosida
(RKKY) polarization. The ferromagnetic sign of
the interaction seems to occur because &y is
small so that the first zero of the RKKY oscilla-
tions occurs far away from the solute atom. It
would be interesting to measure, e.g., the specific
heat of (Ge,_,Mn,)Te to see if a similar cusp
occurs as in Pd(Mn). A giant moment has not

AND E. J. McNIFF, JR. 12

been observed for (Ge,_,Mn,)Te and is not ex-
pected, for the following reason. If we arbitrar-
ily assume that the susceptibility of the carriers
in (Ge, _,Mn,)Te is 10'2)(Pd then, using Eq. (9) and
the fact that the Curie temperatures are equal,
we see that Ay, should be ten times smaller than
in Pd(Mn) so that the moment would be only slight-
ly enhanced. The value of X yields a value for the
exchange interaction, using Eq. (2.3) of Ref. 29,
2J =ANg2uZ~1 eV, which is of the same order of
magnitude as reported by Cochrane et al.5¢
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