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Nonresonant ferromagnetic x-ray diffraction has been used to separate the spin and orbital contribution to
the magnetization density of the proposed zero-moment ferromagngls£t, 16l .. The alignment of the
spin and orbital moments relative to the net magnetization shows a sign reversal at 84 K, the compensation
temperature. Below this temperature the orbital moment is larger than the spin moment, and vice versa above
it. This result implies that the compensation mechanism is driven by the different temperature dependencies of
the 4f spin and orbital moments. Specific heat data indicate that the system remains ferromagnetically ordered
throughout.
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Recently, it was proposed that the Laves phase compound A solid solution of Gd*, introduces a large (7:6;) spin
Sm,_,GdAl, exhibits a spin-orbital compensation point at moment onto the rare ear(tRE) site in Sy o550 01l »
~85 K whenx=0.0185" Magnetometery showed that the and has two effects, the small induced lattice distortion alters
net moment dipped to zero at this temperature, but was finitthe CEF deformation potential and the CEF becomes disor-
either side in the magnetically ordered phétse Curie tem- gereq Further the RKKY exchange interaction is critically
perature is 128 K At the compensation temperature, Mag- affected due to the increase in conduction electron polariza-

netic Compton scattering shows a isgin moment, indicat- . . ; . .
ing that the system consists of a ferromagnetically ordere(?on resulting from t_he solid _solut|on on the RE site. These
spin sublatticé. For the net moment to be zero, this spin actors have a considerable influence on the temperature de-

moment must be exactly compensated by the orbital moPendence of the Sm site moment, as the thermal admixture of
ment. Although it is thought that this may be driven by theJ states is renormalized. The result is to change the tempera-
different temperature dependencies of the Sisgpin and ture dependencies of thef 4pin and orbital moments from
orbital moments, this had not yet been investigated. An unthose found in SmAl In the undoped compound the mo-
derstanding of the compensation mechanism may be gaingflents areM,~4.3ug andM ~ —3.8uz ,° respectively. The

by studying the temperature dependence of the spin and oghange in the CEF allows the Sm orbital and Gd/Sm spin

bital moments near the compensation point, which requiregqnyibutions to cancel each other completely at a distinct
direct measurement of the spin and orbital magnetization,

. ; . .~ temperature below ¢ : at this point the material has no net
Such an x-ray diffraction study is reported here for the first : : .
time. Our result conclusively proves that the compensatioﬁnome.mt’ and is refermd to as cqmpensgted. This effect in
point is driven by the different temperature dependence ofSelf IS not unusual in some ferrimagnetic systems, where
the spin and the orbital moments. We also present specifi¢V0 Sublattice magnetizations become equal and opposite at
heat Cp) as a function of temperature, which proves that the? pamcular temperature. Howeyer |n.th|s case the magnetism
bulk system remains magnetically ordered through the comeXists only on the rare earth sita solid solution of Sm/Gd
pensation temperature. ions). A naive picture of the temperature dependence has

The magnetism of Sm and its compounds has been thédree order parametersf 4rbital magnetism, # spin mag-

focus of many investigations as a result of the importance ofietism, and conduction electron-spin polarization, with the
the conduction electron polarization and the complex crysiatter probably having the same temperature dependence as
talline electric field(CEP in the materiaf The spin and that of the 4 spin. If the order parameters are of opposite
orbital contribution to the SA 4f moment are of similar  sign, with nonidentical temperature dependence the system
size and aligned antiparallel, and the polarized conductiowan become compensated. Previous work has concentrated
electron spin moment is thought to align parallel with tHe 4 on the bulk magnetization and the type of magnetic ordering
spin moment. The three components to the site magnetiza-at the compensation point. However, the mechanism of com-
tion almost cancel, leaving a small net local moment. Interpensation in SgedSdy 0167l has not been investigated.
estingly, the temperature dependencies of the spin and orbital In this paper we report the use of nonresonant x-ray dif-
components are not identical due to the complex thermdiraction to investigate the magnetization density of
admixture of nearly degeneratk multiplets in which the Sm, 950, 01Al, @s a function of temperature through the
SnT™ ion exist(the ground statd=5/2 muliplet is 1500 K  spin-orbital compensation point by monitoring a Bragg re-
from the first excited statd=7/2). The admixture arises flection. The technique has the advantage of allowing the
from the CEF effect on the degeneracy of thetates and has separation of the spin and orbital form factors by changing
long been an explanation of the magnetism in Smthe experimental geometry. At the wave-vector sampled, the
compounds. conduction electron moment makes no contribution to the
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whereg =% w/mqc?, fo=P./(1—P)), P, andP, are param-
eters for the circular and linear component of the beam, and
thus describe the degree of ellipticity of the incident photons.
hhh The orbital and spin contributions to the form factor are
defined in terms ofr the angle between th@ field and the

|:| hhh

Detector Deteeior incident bean{see Fig. L
Orbital configuration Orbital and spin configuration
a=0 o=90" F.
R(a=0)=—2gf,=, @
FIG. 1. Schematic layout of a generic nonresonant ferromag- c
netic diffraction experiment. Left hand figure shows experimental FotF
sThL

conflgura_\tlon for me_asurement of the _orblta_l component of the form R(a=90°=—2g fp - ' 3)
factor. Right hand figure shows configuration for measurement of
the total L+ S) form factor.

In the past most experiments have made use of a polychro-

form factor, therefore the technique gives direct access to thmatic Incident beam of x rays, in order to collect data on a
' que g ) Humber of Bragg peaks simultaneously, using energy disper-
temperature dependence of the spin and orbital componen

e Ge detectors. However, the white beam method suffers

of thg 4f, mom‘?”t- , i from multiple diffraction which corrupts the signal and is

This is the first direct observation of the temperature degjtficult to model. In this investigation a monochromatic
pendence of the #spin and orbital form factors. From our peam was used to avoid these uncertainties. However the
investigation it is clear that the conduction electron polariza-princime remains identical to that described previously for
tion is a critical factor in the compensation process as, ajvhite beam experiments?®
T>Tcomp, the 4 moments remain almost compensated. A single-crystal sample of S§RgGdy g1Al, With x
From our own investigation of the bulk properties of the =0.018 was produced by the Bridgemann method, with the
material, in particular the magnetic contribution to the spe-polycrystalline boule sealed in a Ta can to maintain stoichi-
cific heat, presented later, it is clear that at the compensatioometry. The structure of the resulting crystal was verified as
point the material exhibits no change in entropy, and therethe C,5 Laves phase using Laue photography.
fore does not exhibit any sign of a magnetic transition. This The nonresonant magnetic diffraction experiment was
is due, in part, to the high anisotropy in the system. performed on the XMaS beamlitfeat ESRF. Elliptically po-

The technique of nonresonant x-ray diffraction has relarized radiation was extracted by viewing the bending mag-
cently been developed as a convenient method of studyinget source at a angle e£0.3 mrad from the plane of the
the spin density in ferromagnetic materials using ellipticallySynchrotron: the optimum position in terms of signal to
polarized synchrotron radiation. noise. The sample was mounted in a Be shrouded closed

It is particularly useful for materials where the neutron €ycleé He cryostat. An incident energy of 5.736 keV was se-

technique is not viable due to the high neutron absorptiorlueCted using the double bounce Si monochromator, such that

cross section. The technique also gives a convenient meth&Be 333| ref'feggﬁ”? Wﬁs inl the Bfrar(;:]g con?]ition WithF"’.‘ scatter-
of separating the spin and the orbital contribution to the tota ng ange o in the plane of the synchrotree Fig. 1

magnetic form factor by changing the experimental geometr ergi/ Zﬂggle\fgi p_ogaggit;oon aor: dtghe_begrgzgtgt;ﬁ ;?gllgiigt en-
. - . < | — VY. c— V. )
(see Fig. 1. Essentially the technique makes use of the sup polarization factorf, of —5.5. The diffracted beam was

press:on of Thom pson charge S‘?a“ef'”g ata scat_termg angZ%tected using a fast Nal scintillator with an average count
of 90° for radiation linearly polarized in the scattering plane.

o . o rate of ~85000 cps at the diffraction peak. The magnetic
When elliptically polarized photons are incident, the chargeﬁeld was applied using a 1 T electromagnet, which was

and magnetic Bragg intensities interfere. This leads to mOdUﬂipped at intervals of 20s in order to average over the beam
lation of the signal with reversal of the sign of magnetic ysgition fluctuations inherent with the bending magnet
component, which can be achieved by either flipping thesource. In this configuration a single flipping ratio was ac-
sample magnetization vectén the scattering plangeor by  quired over an integration time of 2 h. Flipping the saturating
flipping the helicity of the incident beam polarization. When 1 T field with a fixed value oP produces data sets that can
the pure charge scattering is a minimum, the signal modulabe subtracted unequivocally, whereas flipping the photon he-
tion, resulting from the magnetic scattering cross sectionlicity (the approach adopted in Ref) Pequires precisely
tends to a maximum, which facilitates the measurement of @qual values of+ P, and — P, to be reproduced, which is
flipping ratio. very difficult to achieve and verify. The flipping ratios of the
The fractional change in intensity upon reversal of the333 reflection were measured as a function of temperature, in
sample magnetization or the photon helicity is related to thehe total[Eq. (3)] moment configuration and the orbital only
orbital (F_), spin (Fs) and charge k) form factors as [Eq. (2)] configuration, in both heating and cooling cycles to
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large orbital contribution. Interestingly aboVg,n,, the total
é\ o %% A form factor is negligible. It is clear that both the orbital and
cff ég{ \ /% 1 the spin component to the form factor have a complex tem-
‘%’ ! perature dependence, furthermore both components flip sign
T atTcomp, With the total form factor tending to zero &ty -
é This result implies that the systems exhibits no ferro-
IR 59 magnetic character a.,mp. This does not mean that the
-2 @{) (M‘ system becomes paramagnetic however, or that the orbital, or
spin magnetizations disappear at the compensation point, for
@ B the following reasons.
: % %% The orbital and spin components to the magnetization
[ L have different temperature dependence and an antiparallel
& b T arrangement. The net moment in the system will always
1 T%%% % % T align with the field,(when the field is large i.e., 1 T see the
g 114

following section. At low temperature this results in a posi-
tive contribution to the magnetization density arising from
4} the orbital moment and a negative contribution arising from
% a C the spin moment, with a net positive magnetization density

FiY
1.5 %‘H&k 4 where L>S. When the system becomes compensated the
B 4&‘} orbital and spin components are in effect antiferromagneti-
L 05 cally aligned. However, the orbital and the spin components
0 b S } 4 should still be finite. Our data show a definite sign reversal
‘I‘ z} % of the spin and the orbital components. The change of sign
‘} results from the spin component becoming dominant above
60 70 ?o 90 100 Tcomp. hence the net moment is realigned with respect to the
TIKI field.

FIG. 2. Temperature dependence of the flipping ratio of the 333 The fact that our orbital data tend to zero smoothly at
reflection for Srgog5ch.01Al2- (@): Orbital only form factor tem- T, rather than exhibiting a sharp steplike transition, is a
perature dependenceircle). (b): Derived spin form factor tempera-  statistical artifact produced from a combination of unwanted
ture dependen¢squarg. (c): Temperature dependence of the total heam movements, from the synchrotron bending magnet
form factor (triangle). source, and temperature fluctuations in the cryostat due to

reversing the applied field. If one assumes that the tempera-
ensure reproducibility of the data. At #\=0.32 A"! on  ture is only stable to within=0.5 K one may easily reach a
the form factor curve only thef4moments contribute to the point whereby the sample is driven from one sidd gf,,,to
magnetic signal.

A comprehensive investigation of the bulk magnetic prop- o

erties of the sample was performed at Warwick University — oxf ™™, ] ol ;
using SQUID magnetometry, VSM magnetometery, specific_ qef I :
heat measurements and AC susceptibility, in order to chect % Rt 1 S el .
sample quality and to investigate the complex magneti(”:}gjg?, R o e}
properties. s o T ’ ] o]

For reflections of the typ@hh whereh is odd, only the ok s A “f

4f site contributes to the phase factor. The temperature d¢
pendence of the orbital, spin and total form factor curve a
sin@/\=0.32 A1 is shown in Fig. 2. Any contribution to the

form factor by the delocalized conduction electron would

S~ 56
limited to much lower values of momentum transfer. It is 2 sl
clear that below the compensation temperature the orbite Em E o
contribution is positivgFig. 2(a)], and thus the derived spin = & wf
contribution is negativeFig. 2(b)], with a smaller magnitude = o B
as expected, since at this wave vector the conductior — LH——ur-y—r—o ety e

electron polarization is not measured. The spin-only form H(T] T (K)

factor result is in good agreement with that measured previ- FiG, 3. Low temperature properties of S8.Gth oAl (@

ously for the undo'ped samp?eAbove .the. compensation Magnetization as a function of temperature. Triangles field cooled
temperature the spin and orbital contributions are reversegh 1072 T. Circles field cooled in 0.1 T. Diamonds zero field

with approximately equal magnitudes. The total form factorcooled. Squares field cooled in 1 (B) Temperature dependence of
[Fig. 2(c)] is positive below the compensation temperaturethe coercive field(c) Magnetization as a function of fieldip to 10
as expected, since the total magnetization will follow theT) at T¢,m,. (d) Specific heat capacity.
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the other, by the eddy current heating effect, throughout th&MAE and hence realign the net moment in the system. The
period of the measurement, thereby measuring zero. closed hysteresis loop &t.,nmp [Fig. 3(C)] is verification that
Above T¢ompthe measured form factor is negligible. This the system is compensated and indicating a strongly corre-
means that the 4components to the magnetization are of alated quasiantiferromagnetic behavior.
similar size, which in turn implies that the conduction elec-  The specific heat capaciffig. 3(d)] shows a larga -type
tron spin componerthot measured by the diffraction experi- anomaly associated with the Curie temperature Tat
men is of critical importance. Our diffraction data provide =128 K, however there is no effect in the specific heat data
clear evidence that the spin and the orbital contributions t@t & temperature correspondingftq,m, which indicates that
the 4f magnetization density cancel at the compensatio€re is no transition at that temperature. .
point, and that the compensation point occurs as a result of |t IS 0bvious that the conduction-electron moment is an
the different temperature dependence of the spin and orbitdnPortant factor in the_ magnetization in this material. The
form factor. alloying of ~2% Gd will certainly affect the RKKY polar-

This diffraction result will now be discussed in the con- ization in the system due to the lattice distortion, disordering

text of the bulk properties of the system. First the magneti-Of the CEF and the large size of the Gd-spin moment. It is

. ; also clear that the #contributions abové ., appear, from
zation data observed for the sample as a function of teMPeras yata to be equal. Thus it is reasonable to assume that the
ture is shown in Fig. &. The bulk magnetization data

learly show th - X it th net magnetization observed aboVg,,, [Fig. 3@)] results
clearly show that, at the compensation point, the net momen; st exclusively from the conduction-electron moment in
in the sample is zero. However the magnetic behavior belovyhe system, the temperature dependence of which is un-

Tcomp drastically alters, depending on whether the sample igpq\yn (although it may be reasonable to assume it is similar

field cooled or zero field cooled. On cooling in a small ;; {ha 4 spin moment Form factor measurements are not
72 . . . . -

107°T field the magnetization shows a large diamagneticggsitive to this delocalized contribution. Such a measure-

effect belowTcomp [Fig. 3(a), triangleg. The size of the dia-  ent js planned using the magnetic Compton scattering tech-

magnetic effect can be altered by changing the magnitude Qfique, which directly samples the polarization of all spin

the applied fieldFig. 3(a), 0.1 T(circles and 1 T(square}|. polarized electrons.

If the system in first field cooled and then warmed through' | .onclusion. our data show that the totdl wagnetiza-

Teomp in the remnant field the system again shows SOmgjo gensity is zero at the compensation temperature. We
d|gmagnet|c effect. This is an effect of the large anisotropy,4ve demonstrated that the compensation mechanism
within the system. _ is driven by the temperature dependence of the spin and

The Sm/Gd 4 moment on the RE site can be thought of 4 hita) moments in the system. We have shown that the un-

as a single-site ferrimagnet, with the sgim and Gdand ;5.5 temperature dependence of the bulk magnetization
orbital (Sm only contributions having different temperature is driven by the reversal of the dominanf £omponent

dependencies. If the size of each contribution is reverse t the compensation temperature, iBs Teomp:L>S and

either side ofTcomp the system must overcome the MAGNE-T> T ,mp:S>L. The fact the bulk measurement of specific
tocrystalline anisotropy energMAE) to realign the net mo- heat shows no anomaly at tig,,, implies that magnetic

ment with the appliedor remnant field, as is observed in gy qtom remains ordered, as one may expect due to the high
the diffraction experiment. It follows that :B<MAE the magnetocrystalline anisotropy energy.

system exhibits a large diamagnetic effect. The strong MAE
effect in this system is demonstrated by the temperature de- This work was performed on the EPSRC funded beamline
pendence of the coercive field=ig. 3(b)] which clearly = XMaS at ESRF. The authors thank Dr D. Fort of the Univer-

shows maxima above and beloly,n,,. When considered sity of Birmingham for growing the single-crystal sample

with the diffraction data the behavior of the magnetic systenmused in this investigation, and Dr D. Mannix and other beam-
is clarified. The diffraction data were taken in an appliedline staff for their assistance. The authors thank EPSRC
field of 1 T, which is large enough to overcome the large(UK) for funding.
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