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Oscillatory spin modulation in ferromagnetic disordered alloys Pd_,Fe, and Pt;_,Fe,
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Magnetic scattering of neutrons in the ferromagnetic disordered alloys,F¥, (0.08<x<0.18) and
Pd,_,Fe, (y=0.1 and 0.15was measured using several single-crystal specimens. We found diffuse satellite
reflections at ¥4, 0, 0 and the equivalent symmetry positions for both alloys except for PtFe alloyscwith
>0.13. The wave vector of the spin modulation varies with Fe concentration. An incommensurate-
commensurate transition takes place for the PtFe allay~ad.14. The satellite reflections disappear at the
Curie temperature of each specimen, suggesting that the oscillatory spin component homogeneously coexists
with the ferromagnetic long-range order. An oscillatory spin polarization of band electrons due to the nesting
of the Fermi surfaces is discussed as a possible origin of the satellite refleE864§3-1827)00817-5

INTRODUCTION mens. Various specimens were prepared fqr ffe, with
x=0.08, 0.10, 0.12, 0.14, and 0.18 and for, Pgre, with
Both Pd and Pt are well known as nearly ferromagneticy=0.10 and 0.15. Single crystals each with a volume of
substances. An introduction of less than 1 at. % of Fe inabout 1 cc were grown by the Bridgman method using a
duces ferromagnetic long-range ordeRO) for PdFe. The furnace with a carbon heater system in an Ar atmosphere.
phenomenon is interpreted by the induced spin polarizatiospecimens were cooled down in the furnace and used for the
of Pd or Pt host atoms around Fe moments and named asnagutron-scattering measurements in the as-grown state.
giant magnetic moment because the magnetic moment per Fe Neutron-scattering measurements were performed using a
atom is as large as 14 for the PdFe alloy. Neutron- conventional-type triple-axis spectromefer ; installed at a
scattering measurements revealed that the spatial distributiqRermal guide of JRR-3M, Tokai. All of the data were taken
of the spin polarization associated with the Fe impuritiesyith an incident neutron energy of 14 meV. A refrigerator

extends to distances exceeding 16 Rhe Curie temperature ynit was used for lowering the temperature of the specimens.
for the ferromagnetic LRO increases with increasing Fe con-

centration for both systenfs’ Thus, PdFe and PtFe disor-
dered alloys with an Fe concentration around 10 at. % are EXPERIMENTAL DATA
considered to be simple ferromagnets and only results from a

few neutron—scattgring experiments have been reported f(Hirection on the(001) scattering plane are given in Fig(al
these ferromagnetic alloys. . for Pt _,Fe  alloys with variousx and in Fig. 1b) for

On the other hand, more concentrated alloys, which shovig,d1 Fe, alloys with y=0.10 and 0.15. These data were

i . ! . y . .15.

.CU3AU. typ%_lghemlcal order, have b_een InVesugE"ted‘[aken at the lowest temperatu¢e10 K). The sharp peak
intensively.~ Bacon and Crangle studied the magnetic . o eq at 100 is contamination from ti@ (200 Bragg
structure of a BFe orderg:-d alloy in dgtélland reported that peak and indicates the exact position of the 1 0 0 RLP. Since
ordered Py~e shows antiferromagnetic LRO. However, or- broad peaks are observed on both sides of the 1 0 0, these are

dered ngFe shows ferromagnehp LRO. . satellite reflections. The satellite peak positions shift with the
In this paper, neutron-scattering data for disordered PtF e concentration and at=0.14, these peaks merge into a
and PdFe alloys with Fe concentrations around 10 at. % argingle peak at 100 indic;':ltin'g that the incommensurate-
ﬁre?ented. For (tjhr—irs]e alllgyg, we_obserlv Ie?t.dlffuse_ saLthhte rommensurate transition takes place around this composition
ections around the )_reciprocal-iattice _po(rlR ). for the PtFe system. The concentration dependence of the
Since the satellite peaks disappear at the Curie temperatug

Diffraction patterns observed by scanning along|th@0]

IS k shift for PdFe is weaker than that for PtFe. Th Ili
these are magnetic in origin. Thus, we report here that bot eak shift for PdFe is weaker than that for PtFe. The satellite

: . eak linewidth along the direction perpendicular to the scat-
Pt't:? and PdFet_ d'sofdefed fTr;_omag_Phetlc altl_(;ys posses? ing vector is also studied and is almost the same as that
anti erromagnetlt_: spin dc_orrltla a |or(;. lat % andl t(:]rromagne ICanng the[1 0 O] direction. The linewidth in the commensu-
Spin component IS periodically modulated and the wave vecp,q phase€x=0.14) is rather sharp and the intensity is far
tor of the spin modulation varies with Fe concentration. Forstronger

PtFe alloys, an incommensurate-commensurate transition An example of the temperature variation of the satellite

takes place around 14 at. % Fe. The possible interpretation of o P
the modulated antiferromagnetic component is given base%eakS s given in Fig. 2 for a igf-ey alloy. The temperature

. ; . ependences of satellite peak intensities for various PtFe al-
on the oscillatory spin polarization of the band electrons. loys are plotted in Fig. 3. In this figure, the arrows indicate

SAMPLE PREPARATION AND MEASUREMENTS the reported values 'of Curie tempgra?uoé the a_llloys with
each Fe concentration. The satellite peaks disappear at the
Both Pd and Pt with a purity of 99.95% and Fe with reported value ofl .. Temperature variation of the satellite
99.99% were used as raw materials for the present spegpeak position was also studied, but peak shift beyond the
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FIG. 1. (a) Satellite line profiles of various Pt,Fe, alloys ob-
served by scanning along thél 00] direction. The high-
temperature data were subtracted from the lowest-temperatdi@
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FIG. 3. Temperature variations of the satellite peak intensities
studied for various PtFe alloys. The arrows indicate the reported
Curie temperatures.

wave vectorQ(=1-0) as a fundamental wave vector of the
spin modulation, and are different from those of a
CuAu-type lattice which is well known for the ERe or-
dered alloy.

DISCUSSIONS

Prior to the neutron-scattering measurements, all of our
specimens were confirmed to be ferromagnetic at 78 K using
a permanent magnet. Nevertheless, we observed the satellite
reflections for these specimens around the 100 RLP, indicat-
ing that the specimens have an antiferromagnetic spin corre-
lation. Then, we can consider two possibilities; the antiferro-
magnetic component distributes homogeneously through the
specimen(homogeneous modebr the specimens include

K) data. The peak intensity for=0.14 is very strong and the plot-
ted values are multiplied by 1/8. Solid lines are best-fit curves usin
double Gaussiangb) Experimental data for Rd ,Fe, alloys stud-
ied at 10 K. Raw data are plotted.

mesoscopic scale inhomogeneities such as ASRO or concen-
Yration fluctuations. Experimental data, however, support the
homogeneous model for the following reasoiib). If the
inhomogeneous model is valid, there must exist some con-

centration range for the ASRO to show the satellite reflec-

experimental error was not observed. Satellite reflectiongyg as being observed. However, there are no reports that
around other reciprocal-lattice points were also studied. Obpire and PdFe alloys show such satellite reflections in any

served satellite peak positions in tf@0 1) scattering plane  .gncentration range or the ASR(R) The satellite peaks
are depicted in Fig. 4. It should be noted that these peak

positions have the symmetry of an fcc lattice if we take the
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FIG. 2. Temperature variation of the satellite line profile for the
PtooFes alloy.

FIG. 4. Observed satellite peak positions in (8® 1) scattering
plane.
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disappear at the reported value of the Curie temperature at Do e -~

which the ferromagnetic LRO disappea3) The hyperfine [ ' ' . [
fields for both PtFe and PdFe alloys with relevant Fe con- 08 [ / ]
centrations studied by the Msbauer spectroscopy are well [ P /
explained by a single hyperfine field.(4) The satellite peak 0.6 - ]
intensity depends strongly on the applied magnetic field. <& [ ]
This suggests that the antiferromagnetic spin modulation ac- 04 o o 1
companies the ferromagnetic LRO. Thus, the simple ferro- [ _._Pdljpgy ]
magnetic structure is not valid for PtFe and PdFe disordered 02k ]
alloys. The antiferromagnetic correlation with incommensu- I
rate spin modulation coexists with the ferromagnetic mo- O [ —
ments. 0 5 10 15 20
Fe at.%

Bacon and Crangle reported that an antiferromagnetic

long-ran rder devel for the chemically order
ong-range order develops for the chemically orderegrét FIG. 5. Observed wave vectors of the oscillatory spin modula-

aI_on Wh'.Ch has a Cy.\u StrUCt.ure' The magnet_lc Stru.Cture tion plotted as functions of Fe concentration. Satellite peak posi-
with antiferromagnetic coupling between neighboring Fe

moments is reported for ffe, in which Fe atoms occupy tions were determined by the Gaussian fitting.
second-neighbor positions of the fcc lattice. Since thqoys. The exchange enhancement factbra) ! is esti-
nearest-neighbor Fe spin favors a ferromagnetic couplingmated to be 610 for Pd and 23 for Pt
frustration may be considered to be an origin of the modu-

lated antif i ) tin the disordered f Although the enhanced susceptibility always shows a
ated antrrerromagnetic spin component in tne disordere E(E‘ositive value due to the strong enhancement and the ferro-

romagnetic alloys. However, this is not the case. The sate_llit_ agnetic coupling between Fe moments is realized for these
peaks observed here are located around the 1 00 RLP, in lloys, the contribution of the oscillatory term may not be

cating that the antiferromagnetic coupling develops betwee s ; L .
the nearest-neighbor atoms of the fcc lattice and the ferroﬂeg“glble’ if the unenhanced susceplibiligg(k) is large

. 2 - . enough. This situation is expected when the Fermi surfaces
magnetic coupling is stabilized between the second-nelghbqgatisfy the nesting condition. The Fermi surfaces of Pd and

?toms.tr;l_'hust, ;[jhe Tﬁ?ﬁlate(il_fantlferrom?gnl_eF'gco gomr;one%t have almost similar shajfeand we believe that these
nas nothing to do wi € antirerromagnetic evelope ystems satisfy the nesting condition. In Fig. 5, the observed
in the ordered RFe alloy. Furthermore, we also observed

I K h o for th I:)dFsateIIite peak positions, determined by Gaussian fits, are
satellite pea S att € same symm_etry positions for the ﬁotted as a function of the Fe concentration. Zero-point ex-
alloys, for which antiferromagnetic LRO has not been re-

rod the whol trati trapolation of both th& andy values converge to almost the
pors? ovtehr etw”_? € conkcen r."]t‘_ lon r;’:\_r;tge. th itivel same point aQ~0.45 (in 27/a unih=0.72 AL, This value
Ince the sateliite peak position SIS rather SenSIIVelys o1 far from the distance of parallel planes of the parallel

W'tt)lh t.h? Fe c;ar:;:entrﬁllqon, ths Ilzetrrr; sut(;ace effect 'ts. a posfaiped Fermi(hole) surfaces which are located at thépoint
sible interpretation of the modulated antiferromagnetic comy g elongate along the cubic aX8dn connection with the

_pon_ent. Moriya™ Qerived the express_ior_l for t_he spin polar- present findings, we studied severalMP&nd PM (M =3d
ization of alloys induced by magnetic impurity atoms. Theelemen)t disordered alloys using neutron diffraction. For

magnetic moment of thith atom is written as PdMn alloys, which are believed to be a spin-glass system,
we observed strong satellite reflections at the same symmetry
m=m;+ a2, f(R—R)m, positions®® The satellite peak position depends on the Mn
concentration. On the other hand, a PtV alloy shows
wherem is a spin polarization without considering the intra- lemperature-independent satellite peaks at the same symme-
atomic exchange interaction of the host metal ang an  try positions, indicating that chemical short-range order de-
. . ; i 14
enhancement factor due to the intra-atomic exchange. Théelops along thg1 0 0] direction:” These phenomena are

functionf (R) is the normalized nonlocal susceptibility and is considered to come from the same origin, the nesting Fermi
given as surface effect in Pt and Pd alloys.

The above interpretation implies that the oscillatory spin
component is parallel to the ferromagnetic spin polarization.
f(R)=N"* X explikR){fo(k)/(1— afy(k))}, In order to obtain knowledge about the actual spin structure,
the satellite reflections are studied for J26e,s under a
wherefo(K) = xo(k)/xo, xo(K) is @ wave-number-dependent magnetic field at room temperature. When the magnetic field
susceptibility andy, is the uniform susceptibility without is applied along the direction parallel to the scattering vector,
considering the intra-atomic exchange. At laRe f(R) is  the satellite peaks completely disappear. When the magnetic
approximately written as a screened Coulomb-type functionfield is applied perpendicular to the scattering plane, the sat-
f(R)«R ! exp(—\R). Since\ tends to 0 asr comes close ellite peak intensity increases by about 50%. The experimen-
to unity, f(R) has a singularity ak 2. Thus, if « is very  tal data are given in Fig. 6. From this fact, we can discard
close to unity, this term overcomes the normal oscillatorysome models of the spin structure, but are still unable to
term at moderately largR, where the latter comes from the determine the actual spin structure definitely from the
logarithmic singularity at Rg in fy(k). This is accepted as present experimental data alone. Further measurements using
an interpretation of the giant magnetic moments and strongolarized neutrons are planned to study the actual spin struc-
ferromagnetic substances of PdFe and PtFe disordered diire of these systems.
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lical or sinusoidal, there exists infinite freedom in the choice

500 — T LIS B R P LA L
[ Pd, Fe o H=0 ! of the phases of the wave modulations. Thus, the correlation
. : ¢ HuiScat Plane . .
400 | s HsSeat, Vedor [| length becomes very short for the random alloys with incom-
rooa ] mensurate spin modulation. As noted above, Cable, Robert-
= . . . ] son, and one of the present authors found strong satellite
E 300 ¢ s . ] reflections for PdMn alloys at the same symmetry positions
= 00?0 T e as those of PdFe. The linewidth of the satellite peaks is again
£ 200 E”g‘igo . °OOBO°3‘°oO;-° ] broad. The spin correlation with incommensurate modulation
3 O ‘A““AA A 00;3. in the disordered alloys cannot propagate to long range due
100 | Lohasaley e to the infinite freedom of the phase relation. This is consid-
ak_geg . . . . .
o . ered to be an essential point for the spin-glass-like behaviors
) S ) : s L of PdMn alloys and the situation is just the same as that in
02 04 06 08 1 12 14 16 18 the typical spin-glass alloy CuM?:'6
Wave Vector In addition to the 1 0 0 commensurate magnetic peak, an-

_ i ] other magnetic peak was observed at the 1/2 1/2 0 RLP for
FIG. 6. Satellite peak line profiles for the Bffe s alloy stud-  pqih PtyeFe,, and Pl,Fe ;g alloys. The peak intensity of the
ied in a magnetic field at room temperature. Open circles are thfatter for P'tB Fe.. is far stronger than that for RiFe
data without the magnetic field, triangles are with the field parallelwhile the 1 '020 élgmmensurate peak intensity deéreaélé’:s with
to the scattering vector, and closed circles are with the field Ioerloer]hcreasing Fe concentration. Furthermore, temperature varia-
dicular to the scattering plane. tions of the magnetic peak intensities for 1 00 and 1/2 1/2 0
are different. Bacon and Crangle reported that th&éor-

The line profiles of the satellite peaks are very broad'dered alloy has the antiferromagnetic structure for which the

From the observed linewidth, the correlation length is esti- e B Kis ob d at 1/2 1BI0i
mated to be about 5 times the lattice parameter. Since th agnetic bragg peak IS observed & IS reason-

satellite peak position is very sensitive to the Fe concentr able :ﬁ cgnlglu;je th:tséhoe 1/2 1/2 0 magnetic peak comes
tion, one explanation of the broad line profiles is the inho- rom the PiFe-type :

mogeneous distribution of Fe concentration. However, th Both PtCo and Pd_Co alloys are also known as strong en-
broadness seems to be an intrinsic feature of the rando%anced ferromagnetic systems due to the same reasons as

alloys. Even for the PFe, alloy, fluctuations on a meso- tFe and PdFe systems. Measurements of satellite diffuse

scopic scale with 14 at. % Fe do not exist because no conreattering for these systems are now in progress.
mensurate peak at 100 is observed. It is noted that the line-

wid.th of the Phee1s alloy, whic_h shows a commensurate ACKNOWLEDGMENT
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