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Conduction_ElectronAPolafization in Very Dilute PdFe Alloys

Stgdied by Positive Muons

K. Nagaminé+), N. Nishida+), S. Nagamiya, 0..Hashimot6++) and T. Yamazaki

Department of Physics, University of Tokyo, Bunkyo—ku, Tokyo, Japan
: , : and ‘ BT ' ,
Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720, U.S.A.

In drderrto investigate the étdering.mgchanism.among‘;ﬁe giant
moments around Fe in Pd, the u+ was used to probe conduction electron
polarization in ferromagnetic PdFe (0.28 at .%Z) and spin-glass Eg?e-(0.015
at .%) from 0.11vk to 300 K with reference to pure:Pd; Below the ordering
temperature the obsefved shifts, when normalized by the bulk magnetiza- |
tion, are almést the same.v_However,'the normalized broadening for the
spin-glass allé} is substantially larger than for the ferromagnetic

alloy. Using the observed shift fo: pure Pd, the result was explained

in terms of the RKKY spin oscillation in the region outside the giant moment.



Metallic Pd with dilute Fe impurities has interesting magnetic
properties af lowvtemperatures; the impurity Fe spin strongly polarizes
the d holes on neighbouring Pd sites, forming a large polarized complex-
called the giant moment. Of the total moment of appgoximately 10'uB1),
only bne third resides on the Fe impurity, while the:rest is distributed over
an extended_polétization cioud (§ 10 A) surrounding fhe.Fe impufityz).

These giént_moﬁénts couple to one another to yield iong—range ferromagnetism
at very low Fe cdncentration. For even lower céncentration,'magnetic sus-

3)

ceptibility measurements show that these moments become anti—ferromagnetic

exhibiting spinglass ordering below a éritical conceﬁtrationvof 0.1 at .%
corresponding to an avétage distance between impurity atoms of 15 to 20 A.
The.origin of the spin glass ordering might be thé indiféct coupling through
the RKKY interaction.which, as predicted theoretically'by Moriya4), becomes
dominant outside the giant moments. In order’to understénd the details of
the mechanism, it is quite interesting to study the difference between the
conduction electron polarization above. and below the critical concentration.
Pdlarized_positive muons are used here to probe the conduction
electron polarizatioﬁ in PdFe alloyé. The diffu;iohIStudies of hydrogen

5)

in Pd metal indicate that the u+, after selecting a 1ocationirandomly,
will stay preferentially at octahedral interstifial sites and might be
localized theré at low temperatures. When the p+ stops in é metal with
dilute magnetic impurities, it feels the contact.fields from conduction
electrons, that is, the contact field from polarized d-holes or from
s—electrons which might be polarized through s-d hybridization. In addi-

tion to this, it feels dipblar fields. Both of these have field inhoﬁo—

geneities due to the random distribution of the field sources. The fields
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and theirinhomogepeitiéscan be measuréd via the brecession frequency and
its dephasing time-constant in fhe asymmetric position decay of the u+.
In the present experiment, we have found evidence of the RKKY oscillation
in thévregion outside the giant momeﬁt.- |

Thevfollowing_samples were used in the'preseﬂt experiment:
(1) pure Pd wires with impurity concentration below 5 ppm (1 mm diameter

and 50 mm long wires, loosely banded into a 40 mm x 50 mm X 8 mm rectan-

gular shape), (2) Pd metal with 0.015 at .% Fe impurity (45 mm x 32 mm x 8 mm

rectangular shépe), and (3) Pd metal with 0.28 at .%Z Fe impurity (65 mm x
35 mm x 8 mm approximately ellipsoidal shape). The impurity concentrations
in these samples have been confirmed by susceptibility measureﬁents down

3)

to 1.25 K in comparison with the existing data™ . LAccording fo ﬁhe sus-—
'ceptibiligy data3),‘0.015 at .7 Fe becomes anti-ferromagnetic or spin glasse
at around 0.4 K while 0.28 at .% Fe becomes ferromagnetic at 9.6 K.

| The polérized positive muon beam at the Lawrence Bérkeley Labora-
tory 184 inéh.Cyclqtfon was used. The samples were’coolea usiﬁg a 3He.-—
4Hé diiutionifefrigerator in an external field of_i.l kG applied along the
longest axis which is perpeﬁdicular to the‘u+ beam directibn.v The tempera-
ture was detgrmined by a calibrated carbon resistef, Matsushita 68 Q 1/8

6)

watt ‘. The details of the experimental technique and arrangement were

. : ey
almost the same as those of our previous low temperature p SR experiment

on Ni7)

. An ‘additional experiment’was_cérried out for pure Pd metal in
4.5 kG at room temperature in order to compare our data with the recent
NMR result on hydrogen impurity in Pd meta18).

The observed time spectra of 'decay positrons for 0.015 at .7% Fe

at 4.2 K and 0.11 K and for 0.28 at .% Fe at 25 K and 1.5 K are shown in



Fig. 1 (a) ana_l M), respéétively. We canksee a difference in the damping
of the preceésion amplitude as the temperature changes through the transi- v
tion temperature. In contrast, pure Pd did not show any significant change
in the precession pattern and the relaxation tiﬁe constants were always
longer than 20 usec, indicating that the observed damping comes from the
magnetization induced by Fe impurities. After subtfacting ﬁhe contributions
from cryostét cbnstituenfs, these time spectra wéré fitted to the following

formula:
N(E) = Ny exp(-t/t )[1 + A G(t) cos(2rft + )1 | (1)

‘where Tﬁ is the muon mean life, A is the asymmetry, G(t) is an attenuation
factér and f is the nrecession frequency, which yiélds;a 1§cal magnetic

field (B]J = f(kHz)/13.554 Gauss) at the interstitial p+. The function G(t)
describes the.relaxation of muon polarization which,.in our case, comes
meinly from'fhe static inhomogeneity of the local field. For the form

G(t), we assumed both a Gaussian form (G(t) = exp (402t2)) and an exponential
form (G(t) = exp(—t/Tz)). Although we found in some éases that a Gaussian
form gave a better fit, the difference was notbstatistically significant

and both gave the same field inhomogeneity (AH). Therresults of the analysis
are summarized ip Table 1. They are expresséd as a percentage of Bext which
was determined by the precession frequency in a Cu target using the known
correction for the Khight shift of the u+ in_Cug). |

The local fiéld, Bu, can be decomposed as follows:

o 4 7 ,
Bp R Bext‘+ (—3‘" D)M + Hint ) . )
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where the second term is the correction due to the Lorentz field and de-

magnetizing field and Hin is the contact hyperfine field due to conduction

t

electron polarization. For pure Pd, the dipolar fields from the neighbour-

Ing -atoms inside the Lorentz cavity are cancelled because of the cubic symmetry
of the uf location, while for PdFe alloys those from the giant'moments

inside the cavity are also cancelled because of the random distribution

10)

" of Fe impurities™ ‘/, In Table 1, we show

3

4r
3

, and the resultant Hint’.bOth.bf them being ex—

M estimated by interpolating
- the susceptibility data

pressed as a percentage of Bex . In addition, we defined the ratio

t
(reduced hyperfine field),

CX=Hy

/ (4nM/ 3) ‘ o . PR (3)

which will be a convenient measure of the conduction electron polarization

normalized by the bulk magnetization. At low temperatures, X = f.54 (14)
for 0.15 at .% Fe at 0.11 K and X = ~.89 (6) for 0.28 at .%Z Fe at 1.5 K,
while X = -2.0 (6) for pure Pd at room temperature. The extracted values

of the field inhdmogéneity (AH) are shown in the last column of Téble 1.
In Figf.Z, we show the temperature dependence of Hint aﬁd AH for ﬁhese two
PdFe alloys. As the temperature decreases AH ihcreases in the same manner
as Hint in both sampies. However, at the lowest tem@efaturé which is well

below the ordering temperature, AH is almost three times larger thari_Hint
for 0.28 at .% Fe while AH is 18 times larger than H_nt-for 0.015 ‘at .%.
. “int.

By normalizing AH to‘ﬁgM, we obtain AX = 10(1) for 0.015 at .% Fe while

it is 2.7(10) for 0.28 at .% Fe. In addition, contrary to the sharp

change in AH and H, . at around T, for 0.28 at .% Fe, there is only a

t



gradual change through TN for 0.015 at .% Fe. As indicated by the sus-

ceptibility data3), this might be due to the applied field of 1 kG which

smearéd out the sharp transition similarly to the cases of CuMn and‘égrell).
The giant moments in 0.015 at .% Fe are aligned almoét completely along
. the 1 kG field at 0.1 K.
For pure Pd, the resultant shift in Hiht_ié.dbtained as -0.055

6)

(15)%. The précise NMR measurements on hydrogen in pure Pd ’ showed a
proton Knight shi.ft.: of =0.012 (1)% at 343 K for the dilute limit of the
hydrogen coﬁéeﬁfration which corresponds to the shift in Hint of ;0.035
(1)% after the Lorentz field correction. The agreement.is good after
taking into account the change of the susceptibility from 04066% to 0.056%
as the temperature goes from 300 K to 343 K. It is inféresting to coﬁpare
this result Qith the spin density known from the neutron scattering experi-
ment. A recent experiment on pure Pd revealed a rather large ﬁositive
spin density.at the octahedral site together with a slightly negative
Backgroundlz).' This seems to contradict the fact théf the observed Hint
is negative. The situation is totally diffgrent froﬁ the case of Ni
where the_negative p+ hyperfine field was directly related.to a negative
spin density 6bsérved by the neutron experiméntlB).._Detailed theoretical
éfﬁdy as wgll as examination of the neutron data is definitely required.

Now let us try to explain our experimental result for PdFe alloys.
In the case of 0.015 at .% Fe the average distance between the gian moments
is around 50 A, which is chh larger than the size of the giant moment so
that most qf the u+ stay in fhe off-cluster region. On the other hand, as

the susceptibility of PdFe alloys increases linearly with the Fe concentra-

"tion only up to 0.3 at .% Fe, the giant moments are just starting to overlap



with each other at 0.28 at .7 Fe so that the contact fields on the
originate from the polarized d-holes inside the giant moment which is

formed by the exchange enhancement effect in d-band4’14)

. Superimposed
on this, we eXﬁect an RKKY spin oscillation caused by the exchange inter-
action between the localized Fe moment and the conduction electrons without

4)

enhancement effect . This conduction electron polarization changes more

rapldly with position and should become dominant in the off-cluster

4)

region ‘. The_RKKY spin_oséillation is thus responsible for the 1afge
vinhomogeneity (AX) in the field for 0.015 at .% Fe while it does not.
contribute té a hé£ line shift resulting in almost thesame values of X
for thesé two PdFe élloys;.,This spin oscillation,is related to the
' mechénism whicﬁ.produces spin glaés ordering df the,giant momenté in the
éé?e alloy QithﬁFe,cOncentration below 0.1 at .%.

__Thé ﬁagnitu&e,of the observed field inhqmogeneity can be ex-

plained using the theories which are adequate to the case of great dilu-

tion. The main source of the bfoadening for 0.28 at .% Fe is the dipolar

field from the randomly located giant moments. The statistical theorylo’ls)
predicts that. AH = 4.8 x ( é%-— p)M which is almest the same value as

what we obtained for 0.28 at .7 Fe, thaf is 3.3(12) x ( é%'—\D)M. But
for 0.0lS»at_,%'fe at the lowest temperature, this térm should be around
13 vahich is much smallér than the observed vaiue of 38 (2)G. The . -
broadening due to the RKKY fields from randdmly»distriﬁuted Fe impurities

10)

can be estimated from the theory of Walstedt and Walker The RKKY

broadening in a fcc lattice is
lém

; A : '



B

where ¢ is the atomic fraction of impurities and a is the lattice constant.
The parameter A is the RKKY amplitude coefficient which can be expressed
in our case as,

J

I 3n Hint 1
A = 4= |<s>| () ( ) 3
.uB z N Bext "Pd (ZkF) ()

where S is the localized Fe spin and J is the exchangé coupling strength
Between d-holes and impurity Fe. The n/N means the numbef of d-holes

per Pd atom. The hyperfine couplihg constant between a cqnduction elec-
tron and the ﬁ+ has been replaced by the observed shift of the u+_hYper-

fine field for pure Pd at room temperature, corrected for the change of

16) 14

susceptibility. By taking J = 0.15 eV ’, n/N - 0.36;7), 2, = 125 A7,
and i<Sz>i = 3.76]8) we obtain AH = 21 (6) G which accounts for the dis-
crepancy between the dipolar broadening and the observed anomalous brOaden—]
ing in 0.015 at .%.Fe.

The static shifts, X, for PdFe alloyé are only about half of
those for the pure Pd. If we renormalize X with respect to the induced
Pd moments alone (6.5 Mg out of 10 uB) neglecting the contribution to M
from the Fe moments at the centers of the giant moments, we find almost
.tﬁe samecontaétfield per average Pd moment in all'tﬁree.cases (within 40%),
suggesting that the‘conduction electron polarization simply depends on the
vpolarizatioﬂ of Pd atoms no matter whether the latter is férﬁed by an ex-
ternal fieldgor by the Fe impurities. This ﬁicture is consistent with

19)

the interpretations of Pd NMR experiments and polarized neutron scat-
. 12,20) . . . '
tering for higher Fe concentration. Extension of the present work

to higher concentration as well as a theoretical investigation of the



origin of the shift in pure Pd is highly fecommended.‘
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Table 1 Summary of u+SR in Pd, PdFe
- %
o T (Bu Bexgz ' 4mM/ 3 Hine ™ int (X) AH
Sample (x) Bext Bext 'Bext Bext 4mM/3 ; ext
‘ %) ' (%) %)
‘Pure Pd 300 4471.7(4) - .028(12) .027 - .055(15) . -2.0(6) small
: 4.2 1095.5(3) + .03 (4) .036 - .01 (4) -0 (1) small
0.13 © 1095.5(3) + .09 (9) .036 + .06 (9) +2 (3) small
PdFe 77 1081.0(3) - .00 (3) .035 - .03 (3) - .8(8) .3 (1)
0.015 at .% Fe 4.2 1081.0(3) - - .01 (3) .058 - .05 (3) - .9(5) 1.3 (3)
0.6 1081.0(3) + .03 (3) .18 - .11 (4) - .6(2) 2.2 (3)
0.11 1081.0(3) + .08 (4) .37 - .20 (5) - .54(14) 3.5 (2)
PdFe 77 1074.8(4) + .05 (5) .082 ~ .02 (5) - .2 (6) .42(5)
0.28 at % Fe = 25 1074.8(4) + .01 (3) .26 - .2 (3) - .8 (12) 1.5 (1)
4.2 ©1092.2(2) -2 (3 6.9 -5.9 (3) - .86(4) 15 (4)
1.5 1074.8(4) - .5 (&) 7.0 -6.2 (&) - .89(6) 19 (1

%) We have taken D = 0 for pure Pd, D = 1.1 (4) for 0.015 at. .% Fe

.4

and D = 0.8 (2) for 0.28 at .% Fe

—ZL—



Figure 1.

Figure 2.
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Figure Captions

Time spectrum of decay positrons from positive muons

‘ in PdFe (0.015 at .Z%Z:Fe) at 4.2 K and 0.11 K (a), and

PdFe (0.28 at .% Fe) at 25 K and 1.5 K (b).

Tempefature dependence of thevu+ hyperfine field
(Hint) and the field inhomogeneity at_u+ site (AH)
for 0.015 at .%Z Fe and 0.28 at .7 Fe, both of which are

normalized by the applied field (BeX ). The temperature

t

TN corresponds to an antiferromagnetic or spin glass

transition temperature for 0.015 at .% Fe and T,
corresponds to a ferromagnetic traﬁsition temperature
for 0.28 at .% Fe both of which are estimated from

the susceptibility data3).
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