experimental technique to study the motion of the AFM vector.
Thus the dynamics of the AFM moment can be influenced and
detected with an all-optical pump—probe method. In contrast to a
ferromagnet, the AFM spins can be fully reoriented within a few
picoseconds’ time. This observation of the ultrafast orientation
dynamics of the AFM moment may have far-reaching consequences
for future spintronic devices.

Methods

The measurements were performed in a pump and probe configuration at a photon energy
of 1.55 eV using amplified pulses from a Ti:sapphire laser at a repetition rate of 1 kHz. Each
pulse had an energy of about 2 pJ and a profile close to gaussian, with a width at half-
maximum of about 100 fs. The sample (a 60-pm-thick TmFeOj; single crystal cut
perpendicular to the z axis) was placed in a cold finger cryostat where its temperature
could be stabilized in the range of 10-300 K with a precision better than 0.5 K. The pump
and probe beams were linearly polarized with an intensity ratio of about 100. Both beams
were focused on the sample to a spot diameter of 50 pm at half maximum for the pump
and somewhat smaller for the probe beam. The probe, polarized at 45° with respect to the y
axis in the sample plane, detected the birefringence changes induced by the pump, using a
sensitive two-diode balanced detection scheme.
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The magnetocaloric effect is the change in temperature of a
material as a result of the alignment of its magnetic spins that
occurs on exposure to an external magnetic field. The pheno-
menon forms the basis for magnetic refrigeration, a concept
purported to be more efficient and environmentally friendly than
conventional refrigeration systems'”. In 1997, a ‘giant’ mag-
netocaloric effect, between 270K and 300K, was reported in
GdsGe,Si,, demonstrating its potential as a near-room-tempera-
ture magnetic refrigerant®®. However, large hysteretic losses
(which make magnetic refrigeration less efficient) occur in the
same temperature range®’. Here we report the reduction (by
more than 90 per cent) of these hysteretic losses by alloying the
compound with a small amount of iron. This has the additional
benefit of shifting the magnetic entropy change peak (a measure
of the refrigerator’s optimal operating temperature) from 275K
to 305 K, and broadening its width. Although the addition of iron
does not significantly affect the refrigerant capacity of the
material, a greater net capacity is obtained for the iron-contain-
ing alloy when the hysteresis losses are accounted for. The iron-
containing alloy is thus a much-improved magnetic refrigerant
for near-room-temperature applications.

The magnitude of the magnetocaloric effect is given by the field-
induced entropy change, AS,,; that is, when a magnetic field is
applied to the material there is a decrease in its magnetic entropy
due to the alignment of the spins with the field. The reduction in the
magnetic entropy is compensated by an increase in the lattice
entropy of the system (via the creation of phonons), resulting in a
temperature increase. The reverse takes place upon the removal of
the applied field. This excursion in temperature, AT, is the basis for
magnetic refrigeration.

It is now fairly well accepted that the mechanism behind the large
magnetocaloric effect in GdsGe,Si, involves a magnetic-field-
induced crystallographic structural change from the high-tempera-
ture monoclinic paramagnetic phase to the low-temperature
orthorhombic ferromagnetic phase®''2. Because of the coinci-
dence of sizeable hysteretic losses and large magnetocaloric effects
in the same temperature range, it is reasonable to conclude that the
same mechanism is responsible for both phenomena. Here we
report a method for suppressing the crystallographic phase change
and thereby greatly reducing the hysteresis losses in the GdsGe,Si,
compound.

Figure 1 compares the X-ray powder diffraction patterns of
GdsGe,Si, (trace I) and GdsGe; ¢SiFey; (trace II) alloy samples
that were homogenized in vacuum at 1,300 °C (1,573 K) for 1 h; on
the top left of Fig. 1 are presented backscattered scanning electron
microscopy (SEM) micrographs showing the typical microstructure
of the two alloys. The X-ray diffraction patterns show that although
very similar, the two spectra are slightly shifted along the abscissa
with respect to each other, and most of the peaks of both materials
match quite closely those of the monoclinic phase structure'~".
The notable differences between the two patterns are the increased
magnitude in the iron-containing alloy of the peak centred around
35° and the appearance of some smaller peaks (centred at about 30°,

853




letters to nature

31.6° and 35.6°) in the GdsGe, oSi,Fey ; alloy which are not present
in the GdsGe,Si, spectrum. These differences in the two X-ray
spectra are due to the microstructural differences in the two alloys
(see discussion below). In fact, as it can be seen from the SEM
micrographs, the GdsGe,Si, compound is observed to be single-
phase (Fig. 1, left inset), whereas the microstructure of the alloy with
the iron addition (Fig. 1, middle inset) is characterized by a
dominant matrix (light grey) phase and by a minor (darker)
phase located along the grain boundaries of the matrix phase.
Closer examination of the smaller grain boundary phase in the
iron-containing alloy shows it to be actually made up of two phases:
a dark grey phase and a black phase (Fig. 1, right inset).
Energy-dispersive spectroscopy (EDS) analysis conducted on the
two alloys yielded the following results. The composition, in atomic
fraction, of the GdsGe,Si, compound was found to be 55% Gd,
22.6% Ge and 22.4% Si; these compositional values are very close to
those obtained on the same alloy by a wet chemistry method, and
are also close to the target composition of 55.6% Gd, 22.2% Ge and
22.2% Si. By contrast, the compositional values of the three phases
present in the compound containing iron are as follows: (1) for the
dominant matrix phase — 60% Gd, 22.2% Ge, 17.8% Si and no iron;
(2) for the lighter grain boundary phase — 35.3% Gd, 11.2% Ge,
25.6% Si and 27.9% Fe; (3) for the darker grain boundary phase—
22.2% Gd, 7.2% Ge, 34.4% Si and 36.2% Fe. Note that the dominant
phase in the iron-containing compound had a larger content of
both Gd and Ge and a smaller concentration of Si relative to the
target composition of 55.6% Gd, 21.1% Ge, 22.2% Si and 1.1% Fe.
On the other hand, the grain boundary phases were both rich in Si
and Fe. These results strongly suggest that one of the major effects of
the iron addition is for it to combine primarily with the silicon
(giving rise to the two boundary phases), resulting in a matrix phase
that is depleted in silicon compared to the single phase of the alloy
without iron. The greater concentration of Gd, together with the

deficiency of Si in the matrix phase, probably plays a pivotal role
in the different magnetic behaviour of the GdsGe; ¢Si,Fe, ; alloy,
compared to that of the compound without iron.

The two sets of hysteresis loops presented in Fig. 2 illustrate the
hysteresis losses for the two alloys in the 260-320 K temperature
range. In this temperature interval the GdsGe,Si, compound
exhibits large hysteretic losses (Fig. 2a), coinciding with the same
temperature interval in which the corresponding magnetic entropy
change, AS,,,, attains its peak values. A summary of hysteretic loss
values over the temperature range of interest is presented in Fig. 3.
These hysteretic losses were determined by computing the hatched
area inside each magnetization (M) versus field (H) loop shown in
Fig. 2. It can be seen clearly that the addition of about one atomic
per cent of iron to the alloy resulted in a reduction of the hysteresis
losses by nearly 95 per cent when compared to the alloy without the
iron addition.

Closer examination of the M—H loops shown in Fig. 2 provides
additional insight concerning the effect of the iron addition on the
magnetocaloric response of the GdsGe,Si, compound in the 270—
320K temperature range. For the alloy without the iron addition
(Fig. 2a), the magnetization measured in the first half of the loop
shows a distinct magnetic transition with increasing field between
270K and 290 K; this transition occurs at higher field values with
increasing temperature. As already stated, it has been hypothesized
that this transition is the result of a field-induced first-order
crystallographic phase change from the paramagnetic monoclinic
phase to a ferromagnetic orthorhombic phase®'*~'>. The M—H loops
clearly show that this field-induced phase transition reverses upon
decreasing the field, but with some hysteresis in the transition field.
Below 270K this alloy exhibits ferromagnetic behaviour, whereas
above 295K the material is paramagnetic.

By contrast, the M—H loops of the GdsGe, 4Si,Fe, ; alloy (Fig. 2b)
do not show any field-induced magnetic transition in the 260-340 K
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Figure 1 X-ray diffraction spectra and SEM micrographs of the two alloys. Cu-Ka X-ray
diffraction spectra measured at room temperature for the GdsGe,Si, compound () and the
GdsGe, oSioFeg 1 alloy (Il). The Bragg peak positions for the monoclinic phase are shown
along the x-axis. Insets, backscattered SEM micrographs, showing typical microstructures
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of the GdsGe,Si» (left inset) and GdsGey oSisFeq 1 (Middle and right inset) alloys;
GdsGe,Sis is single phase, whereas the GdsGeq 9SioFeg 1 alloy consists of a dominant
grey phase and a minor, darker intergranular phase.
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temperature range. In fact, here the magnetic data show a gradual
shift from ferromagnetic behaviour to superparamagnetic beha-
viour, as evidenced by the appearance of curvature in the M—H plots
with increasing T; above 320K, the material is paramagnetic. By
comparison, the GdsGe,Si, compound exhibits paramagnetic beha-
viour at temperatures above 290 K. Although not shown here, the M
versus T data of the GdsGe; oSi,Fey ; alloy at H = 796 kAm™"' (1 T)
exhibit no magnetic transition for temperatures below 260 K. The
X-ray diffraction data (Fig. 1) and the magnetization data (Fig. 2)
strongly suggest that the main effect of the iron addition in the
GdsGe,Si, compound is to suppress the field-induced monoclinic-
to-orthorhombic phase transition in the 270-320 K range, resulting
in much smaller hysteresis losses. This field-induced phase tran-
sition is absent in the iron-containing alloy because the ortho-
rhombic phase never forms for H < 3,980kAm~ ' (5T) between
10K and 360K, whereas it does form in GdsGe,Si, at T < 270K
without the presence of a magnetic field.

Variation of the magnetic entropy change, AS,,, with tempera-
ture for the two alloys is shown in Fig. 4. These data were computed
from the isothermal M—H data of the two alloys using equation (3).
For the alloy without iron, the value of the AS,,, peak, integrated
over an applied field AH = 3,980 kA m ™' (5 T), is about a factor of 3
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Figure 2 Magnetization versus field curves. Magnetization versus field curves for the
GdsGe,Si, compound between 250K and 310K (a) and for the GdsGeq.oSioFeq 1 alloy
between 260K and 340K (b); arrows indicate the sequence of measurements. The
curves qualitatively illustrate the large hysteresis losses of the GdsGe,Si, compound and
the much smaller values of the GdsGe; oSisFeg ¢ alloy. In addition, paramagnetic
behaviour is observed above the different temperatures 320K and 290K for the Fe-
containing alloy and GdsGe»Si, compound, respectively.
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higher than that for the alloy with the iron (20 kg 'K™' versus
7)kg ™' K™, respectively). However, the AS,, peak width of the
iron-containing alloy is considerably broader. For this latter alloy,
the peak of AS ,, occurs at about 305 K (Fig. 4b), whereas in the alloy
without iron, the AS ,, peak occurs nears 275K (Fig. 4a). From the
data presented in Fig. 4, the refrigerant capacity (RC) value was
computed for the two alloys for AH = 3,980kAm ™" (5T), using
the two approaches described in the Methods section. The RC values
computed by the expression given in ref. 14 were respectively
around 360 Jkg ' and 305Jkg ' for the alloys with and without
the iron addition, whereas the RC values computed by the Wood
and Potter method's were respectively around 240Jkg™' and
265]kg .

In the temperature ranges where the RC values were computed by
both methods, the average hysteretic loss is about 65 J kg™ ' for the
compound without iron but less than 4Jkg™" for the compound
with the iron addition. Because these are the costs in energy to make
one cycle of the magnetic field, they must be considered when
calculating the usefulness of a magnetic refrigerant being subjected
to cyclic fields. One way to take into account the hysteresis loss of
each alloy is to simply subtract it from the corresponding RC value.
Subtraction of the average hysteresis for each alloy from the
corresponding RC values computed by the methods of refs 14 and
15 respectively yielded approximate values of 355Jkg™' and
235Jkg™ ' for the Fe-containing alloy, and approximate values of
240J kg™ 'and 200 kg~ ' for the alloy without the Fe addition. Note
how much larger are the resultant values for the Fe-containing alloy
regardless of the RC calculation method. Therefore, on this basis the
GdsGe, oSi Feq | alloy is a much better magnetic refrigerant than the
GdsGe,Si, compound despite its lower AS,, peak value.

In order to examine further the effect of iron concentration on
the magnetic properties of the GdsGe,Si, compound, especially
with regard to the hysteretic losses, two additional alloy samples
were prepared. These alloys had respectively one-half and twice the
iron concentration of GdsGe, ¢Si,Fe, ;; they were arc-melted and
homogenized as described in the Methods section for the other two
alloys. Owing to space limitations, details of their microstructure
and magnetic data are not presented here, but their magnetic
properties can be summarized as follows. For the alloy having half
the iron concentration, the M—H loops were similar to those of the
GdsGe,Si, compound—that is, they showed the presence of both
large hysteresis losses and a field-induced magnetic phase transition
in the 260-320 K temperature range. However, compared to the
iron-free compound, the hysteresis losses were only about 50%
smaller and the field-induced phase transition was less pronounced.
The M-H loops of the alloy having twice the iron concentration had
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Figure 3 Comparison of hysteresis losses. Comparison of hysteresis losses (calculated as
described in the text) of the GdsGe,Sis (filled circles) and GdsGeq oSioFeq 1 (open
diamonds) alloys plotted as a function of temperature.
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almost double the hysteresis losses of the Gd;Ge; ¢Si,Fe, ; alloy, and
there was a slight indication of a field-induced phase transition in
the 260-320 K temperature range. These results show a systematic
variation of magnetic character with iron concentration, and show
that the lowest hysteresis losses were observed for the alloy whose
iron concentration was about 1 per cent atomic fraction.

As mentioned earlier, one of the major effects of the iron addition
to the GdsGe,Si, compound is to suppress the formation of the
orthorhombic phase. In the GdsGe; Si,Feq ; alloy, the monoclinic
phase is the stable structure even at low temperatures, and the
amount of orthorhombic phase that forms is quite small. In
GdsGe,Si, the stable structure is the orthorhombic phase below
270K and the monoclinic phase above 270 K. Therefore, as the
amount of orthorhombic phase is very small in the iron-containing
alloy, the monoclinic-to-orthorhombic field-induced phase trans-
formation is not observed between 260 K and 340K for H appli-
cation up to 3,980kAm ™" (5T), resulting in negligible hysteretic
losses. The reverse is true for the alloy without the iron addition.
This change in thermodynamics is probably related to the reduction
in Si content and the increase in Gd content of the matrix phase
when iron is added to the GdsGe,Si, compound. The multiple-
phase nature of the quaternary alloy probably also contributes to the
stabilization of the monoclinic structure, perhaps by mediating the
compressive stress created during cooling as the alloy contracts.

The Fe addition also creates a magnetic nanostructure. The

0 50 100 150 200 2507172300 350

Temperature (K)

-AS, (J kg7 K™)
[SEARENSN
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1 \

250 T1 300 T2 350

0 50 100 150 200
Temperature (K)

Figure 4 Computed AS,,, and RC values. Computed AS , (for AH = 3,980 kAm ™"
(5T)), normalized with respect to sample mass, of the GdsGe,Si, compound (a) and of the
GdsGeq.9SioFeq 1 alloy (b), plotted as a function of temperature. Note the presence of
peaks centred near 270K and 305K respectively for the GdsGe,Si> compound and the
GdsGe gSioFeg 1 alloy. The refrigerant capacities (RC), calculated as described in the
Methods section, are also shown as the shaded areas and unshaded rectangles for each
material; T4 and T, refer to the limits of integration for calculating the shaded areas.
Compared to the GdsGe,Si> compound, the iron-containing compound exhibits a broader
AS ., peak and a AS,, peak at a higher temperature.
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superparamagnetic behaviour observed in the GdsGe, 4Si,Fey ;
quaternary alloy (and not in the GdsGe,Si, compound) at higher
temperatures shows that the ferromagnetic matrix phase has been
broken up into nanometre-sized ferromagnetic clusters. This type
of magnetic nanocomposite morphology has been shown to lead to
enhanced magnetocaloric effects*'*", and is probably also the
reason why the AS,, peak width of the iron-containing alloy is
considerably broader. How such a magnetic structure developed is
unknown. Certainly the microstructure does not show this nano-
scale structure, so the cause must be more subtle (perhaps the
inhomogeneous distribution of vacancies or defects in the Gd-Si-Ge
matrix phase). O

Methods

The samples used in this study were prepared by arc melting, using a water-cooled copper
hearth in an argon atmosphere under ambient pressure starting with the appropriate
amounts of the component elements. The compound without the iron addition was
prepared by the Materials Preparation Centre of the Ames Laboratory, Ames, Iowa,
whereas the alloy with the iron addition was prepared at the alloy melting facility of the
American Dental Association at NIST. The purity of the starting constituents was 99.9%
mass fraction or better for the two alloys; and their target compositions were as follows:
GdsGe,Si, and GdsGe, oSi>Fe ) (approximately one atomic per cent Fe). Before making
magnetic measurements, the alloy samples were homogenized at 1,300 °C for one hour in
vacuum’. Following the homogenizing treatment, the crystal structure and the
microstructure of the samples were respectively characterized by Cu-Koa powder X-ray
diffraction (XRD) analysis, and by SEM and EDS. The magnetocaloric effect of the two
alloys were determined by measuring M as a function of T'and H, using a SQUID
magnetometer. The magnetometer, calibrated by a pure Ni sphere SRM no. 772 from
NIST, was programmed to measure M at discrete magnetic field values between 0 and
3,980 kAm ! (5T) while the temperature was held constant. Then the measurement
sequence was repeated many times successively at each 10K interval as the temperature
was raised from 10 K up to 360 K. The M values were normalized by dividing them by the
corresponding sample mass. AS ., was then calculated from the M data using the integrated

Maxwell relation:
aS oM
(), G), v

Integration of the above expression leads to:

"

oM

ASH(T,AS) = [ — | dH 2)
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For M measurements made at constant temperature at discrete H intervals, the above

Maxwell expression can be approximated by the following expression:

1
ASpy =~ —

i ”
U M(T + AT, H)dH —J M(T‘H)dH} 3)
AT |Jo 0

Therefore, using the approximation given by equation (3), AS,, as a function of
temperature for each sample was computed numerically by first differentiating the
magnetization data, M, with respect to temperature, and then integrating the resulting
derivatives from zero field to some value Hup to 5T.

We now discuss the experimental uncertainty in the measurements of H, Tand M that
directly affect the overall accuracy of the AS,, values computed by equation (3). Values of
H between zero and 3,980kAm ™' (5T) are known to within 0.2%. During each set of
isothermal magnetic measurements where M was measured as a function of magnetic
field, the temperature was kept constant to within 0.02 K. Accuracy of the magnetization
data varied from 0.5% to 2% for both alloys, with most data having an uncertainty of less
than 1% at non-zero field values. At zero field, the uncertainty ranged from 1% to 8%.
Consequently, the error in AS , is about 1% or less. We represent these errors by the sizes
of the symbols in Figs 2—4. In Fig. 4b, below 250 K there is some oscillation in the AS,,
versus T plot that is not a reflection of uncertainty in the data, but rather reflects real
variations in the magnetization data, probably due to the secondary phases in the alloy. In
fact, we prepared two alloys having compositions of the secondary phases detected in the
Fe-containing alloy discussed here, and observed peaks in AS,, that correlate with the
temperature regions of oscillation shown in Fig. 4b. These results will be presented
elsewhere. Even though the data shown in Fig. 4 were calculated using measured M versus
H data taken at 10K intervals for comparison with earlier published data”?, the
temperature of maximum AS ,, was also computed from magnetic data measured at 4K
intervals, leading us to conclude that the temperature at which AS,;, is maximum is
accurate to within = 5K.

RC values for the two alloys were determined by two different methods. In the first
method", the RC values were obtained by numerically integrating the area (shaded in
Fig. 4) under the AS,, versus T curves, using the temperatures at half-maximum of the
AS ,, peak as the integration limits. In the second method, the RC values were computed
using the approach suggested by Wood and Potter'* and later used by other researchers in
the field'®"*. Wood and Potter defined the refrigerant capacity for a reversible refrigeration
cycle operating between T', (the temperature of the hot reservoir) and T' (the temperature
of the cold reservoir) as RC = AS,,AT, where AS , is the magnetic entropy change at the
hot and cold ends of the cycle (defined equal) and AT = T},—T . According to this
approach, for a given magnetic refrigerant the optimum refrigeration cycle occurs when
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the quantity AS ,AT is maximum. The RC values computed by the Wood and Potter
method are shown in Fig. 4 as the rectangular areas overlapping and extending outside the
shaded areas.
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Evidence for a macroscopic electric
field in the sedimentation profiles of
charged colloids
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The determination of molecular masses from barometric sedi-
mentation profiles, a main topic in ultracentrifugal analysis, is
thought to be quantitatively correct for non-interacting par-
ticles”. Whereas this expectation is justified for uncharged
colloids or macromolecules at low volume fractions, early ultra-
centrifugation studies® on charged particles had already indi-
cated that the obtained masses might be much too low. More
recently, expanded sedimentation profiles have been observed for
charged particles*’, sometimes inflated by orders of magnitude’
relative to the barometric prediction, which highlights a short-
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coming in our understanding of centrifugation of even very
dilute charged species’. Theory® and simulations’, anticipated
by various authors*®’, now propose that strongly non-baro-
metric sedimentation profiles might be caused by an internal
macroscopic electric field that, even for non-interacting particles,
significantly decreases the buoyant particle mass. The existence
of this field and its intriguing consequences still lack experimen-
tal verification. Here we report ultracentrifugation experiments
on charged colloidal silica spheres, showing both the existence of
such a macroscopic electric field and its drastic effects on the
sedimentation profiles of very dilute dispersions at low ionic
strength.

Centrifugation is an indispensable technique for separating and
analysing cells, organelles and macromolecules'?, as well as col-
loids'. A classical example is the centrifugation of DNA fragments
in salt gradients, which confirmed the Watson—Crick model for
DNA replication'""?. Absolute molecular masses can be determined
directly under non-denaturating conditions from sedimentation—
diffusion (SD) concentration profiles, a method reported to be
rigorous’. The method assumes that, for sedimentation under
gravity, the particle number density p(x) at an altitude x in the
SD profile follows from a Boltzmann distribution and has the form

In(p(x)) o< —x/L (D

In this ‘barometric’ profile, L = kpT/(mg) is the gravitational length
for particles with buoyant mass m1, T'is the absolute temperature, k
is the Boltzmann constant and g is the gravitational acceleration. It is
generally assumed'® that non-interacting particles will adopt such a
barometric profile and that, consequently, sufficiently low concen-
trations ensure the validity of equation (1). Here, however, we
report SD profiles of very dilute charged colloids that strongly
deviate from the barometric distribution (equation (1)) owing to an
electric field, which has only recently®”'* been clearly identified as
an important factor in the centrifugation of charged species.

Non-barometric behaviour due to an electric field is predicted to
occur at sufficiently low ionic strength®, and therefore we have
studied the ultracentrifugation of well-defined, charged silica
spheres (Table 1) in ethanol. This solvent is suitable because of its
inherent low ionic strength and its ability to disperse charged silica
spheres to non-aggregated ‘alcosols’ with practically unlimited
colloidal stability>'*'>. We found that the centrifugated silica
spheres form reproducible SD profiles that can be scanned with
high spatial resolution (Fig. 1; see Methods section). SD profiles
were studied for initial silica volume fractions down to 0.01% to
minimize the effect of inter-particle interactions. We verified that
the barometric part (region I; see below) of SD profiles yields a
correct colloid radius: for a silica mass density of 1.6gcm >
(Table 1), the measured centrifugal lengths correspond to a radius
of 19.2 nm, which lies within the radius distribution determined
from electron microscopy (Table 1). We also verified that uncharged
silica spheres dispersed in cyclohexane yield the expected baro-
metric profiles. However, for charged silica spheres all our exper-
imental SD profiles, with a representative selection in Fig. 1, deviate
drastically from the barometric distribution.

These deviations are due to a macroscopic electric field in the SD
profile, that is, a gradient in an equilibrium electrical potential,

Table 1 Properties of silica spheres (Labcode SiA) dispersed in ethanol
R (nm) o (%) Ry (nm)

5(gem™®) umemV 's™h z

21.9 11.6 30.0 1.6 £ 0.1 —0.95 + 0.05 =50

Rand o areradius and polydispersity, respectively, from transmission electron microscopy; Ry, is
the radius from dynamic light scattering; 6 is the mass density from ref. 14; u is the
electrophoretic mobility for silica volume fractions in the range 0.01-0.3%; z is the number of
elementary charges on silica particles, determined from electrophoretic mobility. Errors are
*s.d.
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