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HoFe4Als. An unusual spin glass
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%e report on the spin-glass behavior of HoFe4A18. Irreversible and time-dependent effects in

the intensities of magnetic Bragg scattering derived from neutron diffraction reveal this behavior
pronouncedly below TsG=180 K. Further evidence comes from the dc isothermal and ther-
moremanent magnetization. The Mossbauer Fe spectra show a sudden onset of magnetic
hyperfine splitting below Ts& and a fiat temperature dependence together with irreversible effects
under applied magnetic fields. A transition temperature from aligned to random spin-glass states
To~ is reported. ToG =40-70 K, depending on the applied magnetic field. Most unusual is the
lack (or extremely broad) of a cusp in the ac susceptibility in the vicinity of Tso.

The relevance of the spin-glass (SG) concept and espe-
cially of spin-glass models with respect to real systems
remains controversial. It is still questionable whether
there exists a phase transition to a random state of long-
range character, or whether the experimental evidence
demonstrates some type of a transition due to nonequili-
brium effects. ' Such effects may be found in experiments
with finite time windows by observing phenomena with
anomalously long relaxation times.

Traditionally a SG state is claimed when there exists an
irreversible term in the magnetization below the SG tran-
sition temperature Tsg together with a cusp in the ac sus-
ceptibility at Tsp. ' Theoretical treatment of spin glasses
and frustrated magnetic systems simulate some charac-
teristic properties of the spin-glass state, though the inter-
pretation of the ac susceptibility cusp has been criticized
by several authors. Their Monte Carlo calculations pre-
dict a round maximum and no cusp at the SG transition
temperature Tsg. '"

In this paper we report on HoFe4A18, which exhibits
most of the properties of a spin glass, but the ac suscepti-
bility shows a nearly flat behavior with no cusp around the
expected TsG. Snapshots of this glassy system at different
time windows with and without applied magnetic fields
are reported and discussed.

HoFe4A18 was prepared by arc melting in a dry argon
atmosphere the nominal amounts of the constituents, fol-
lowed by annealing at 800'C for 1 week. X rays and neu-
tron patterns confirmed the crystallization of a body-

centered tetragonal (space group I4/mmm) structure.
The neutron-diffraction measurements were performed on
the powder diffractometer of Bonn University in the Kern-
forschungsanlage Jiilich. This diffractometer is equipped
with the linear position-sensitive detector JULIOS. The
wavelength used was 1.09 A. Magnetic fields up to 6 T,
perpendicular to the neutron beam, were applied by a split
superconducting coil. The ac susceptibility measurements
were performed with two different instruments; a triple-
coil ac susceptometer (20 Hz-20 kHz) described else-
where and a high-sensitivity (better than 10 emu/g)
ac susceptometer. The dc magnetization measurements
were taken with a vibrating-sample magnetometer (VSM)
in a He-flow cryostat. The Fe Mossbauer transmission
experiments were performed in a conventional, variable-
temperature cryostat.

The neutron-diffraction patterns below = 180 K reveal
the appearance of satellites to the (200) and (220) nu-
clear reflections, depending on the cooling procedure of
the sample. Changes in the intensities of the (200) ~ and
(220) ~ satellites together with time-dependent effects
are clearly recognized below 150 K down to =20 K.
Below 20 K the system seems to be stable and no
temperature-dependent effects are observed. The appear-
ance of these satellites at temperatures below 20 K has
been interpreted as antiferromagnetic order with a conical
spiral component of the Fe sublattice. The presence of
the (110) reflection in the neutron diffractogram is a sen-
sitive indicator for a ferromagnetic ordering of the Ho
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sublattice. However, in most of the cooling cycles no in-
dication of the (110) reflection down to 4 K has been
recorded in the neutron data. During a few of these cool-
ing cycles the (110) reflection appeared at 16 K. Its in-
tensity corresponded to = (0.6-2)pz per Ho ion. This
small value of the moment together with the anomalies in
the teinperature behavior of the '(200) ~, (220) ~, and
(110) reflections gave us the first hint that the Ho and the
Fe spin directions could, in fact, be randomly frozen in the
lattice within spin-glass configurational states. Further
support came from the Mossbauer observations of local
spin ordering. In order to check this assumption the sam-
ple was cooled from room temperature to 4 K where an
external magnetic field was switched on; in this procedure
the Ho moments aligned and froze parallel to the direc-
tion of the field. The Ho spin alignment is sensed by the
intense appearance of the (110) reflection associated with
the disappearance of the (200) +, (220) +' satellites (Fig.
1). From the (110) intensity we derived the dependence
of the ordered moment on the applied magnetic field. We
get a saturation value of poRD=8pg (Fig. 2).
switching off the external field BApL, the Ho moments
remain frozen ferromagnetically. A decrease of = 5% per
hour of the (110) reflection intensity together with gradu-
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FIG. 2. Ordered frozen moment as a function of applied
magnetic field derived from the (110) reflection.

Ho Fe4 Al8

TSG

al reappearance of the (200) +', (220) ~ satellites (Fig.
1), indicates the existence of isothermal remanent ordered
moments at the Ho and the Fe sublattices.

We were able to determine the ordering temperature
(TQQ) of the frozen Ho sublattice by observing the tem-
perature dependence of the (110) reflection within 1 h
after switching off the external field. Tgg represents the
transition temperature between the aligned SG state to a
random SG state. This ordering temperature is dependent
on BApL and varies from 40 (at 2 T) to 70 K (at 6 T).

The isothermal remanent and thermoremanent dc mag-
netization differ markedly and are strongly dependent on
the applied magnetic field in which the magnetization
measurement is being performed. Typical thermo-
remanent magnetization measurements which were per-
formed at an applied field of 0.03 T are given in Fig. 3.
The spin-glass transition temperature Tsg is defined as
the point where the irreversible component of the magne-
tization becomes zero. The spin-glass temperature TSG
derived from our dc magnetization measurements depends
on the applied field and cooling speed. It varies from 140
to 180 K. Another way to determine Tso is to search for
a deviation from Curie-Weiss behavior at high tempera-

0
~ ~ ~

~
a ~ ~

~ ~

~ ~

~s
O~~

00 s ~ ~ ssssssigs ~ ~ ssssssss ~ ss ~ ~ ss s lees

issues

I=c (0.03T)
l I I 1

50 100 150 200
TEMPERATURE (K) '

I

250

FIG. 1. Low angle neutron-diA'raction pattern of HoFe4Als at
4.2 K. (a) Under applied external magnetic field BAFL. (b) 5 h
after switching off BApL of 6 T. (c) Slow cooling at zero field of
the sample.

FIG. 3. dc magnetization curves of HoFe4A18 cooled under
applied magnetic field (FC) of 2 and 0.03 T. The measurements
were performed at an applied field of 0.03 T. The sharp transi-
tion at ToG = 50 K indicates Ho spin alignment due to the ap-
plied external magnetic field (see text).
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FIG. 4. Typical Fe Mossbauer spectra of HoFe4A18. The
hyperfine Zeeman splitting below 180 K indicates local spin
direction and is related to a spin-glass transition. The solid line
represents a theoretical model described in the text.

tures. This is observed in the reciprocal susceptibility
curves already below 190 K. The curves ffatten at = 160
K until 50~ 10 K where a sharp decrease (or increase in
the magnetization, as shown in Fig. 3) indicates ferromag-
netic ordering. This confirms the value of Too derived by
the neutron measurements.

The Fe Mossbauer spectra show nonmagnetic quad-
rupole split spectra from room temperature down to 175
~ 5 K indicating a paramagnetic regime. Below this tem-
perature a superposition of a magnetically split pattern
and a paramagnetic doublet is clearly recognized (Fig. 4).
By application of external magnetic field (6 T) the spectra
show temperature-dependent irreversibilities in the I2 and
I5 (Bm, 0 nuclear transitions) absorption lines. '0 The
spectra were fitted by assuming a superposition of a quad-
rupole doublet and a magnetically split pattern with dis-
tribution of hyperfine fields. Their relative occupation de-
pends on the temperature. The derived average of
hyperfine fields at zero-field cooling shows a moderate de-
crease as a function of the temperature with a sharp cutoff
at 180~ 5 K (Fig. 5). As the ac susceptibility (see below)
and the neutron-diffraction measurements indicate no
magnetic transition at 180 K we relate this sharp transi-
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FIG. 5. Fe average hyperfine field Bhyp as a function of tem-
perature. Note the sharp cutoff at 170 K.

tion to the establishment of frozen local spin directions,
namely to a s in-glass state at the Fe site. Below 20 K the
Mossbauer ' Fe hyperfine field is constant and could be
interpreted as due to magnetic order in accord with the
neutron-diffraction results.

The ac susceptibility was measured from 300 to 30 K by
the two diff'erent ac susceptometers described above. At
frequencies from 20 Hz to 20 kHz, both reveal a low sig-
nal with no sign of a cusp close to the expected TSG.

In summary, the intermetallic HoFe4A18 exhibits the
following experimental properties: (a) onset of magnetic
hyperfine splitting at the Fe nucleus below Tsz 180 K
indicating a frozen local spin direction; (b) irreversible
magnetic Bragg scattering observed by neutron diffraction
(remanent ordered moments which decay slowly with
time); (c) irreversible components in the isothermal and
thermoremanent dc magnetization below TsG', and (d)
high sensitivity to cooling and annealing procedures (his-
tory effects).

These properties are usually related by the experimen-
talists to the establishment of a spin-glass state in a mag-
netic system. An essential proof for establishment of a
SG state are the Mossbauer spectra which should indicate
a local spin-directional ordering below TsG. ' Irreversi-
bilities and time-dependent effects in the Mossbauer pat-
tern under applied magnetic fields are also an indicator.
Irreversibilities in the neutron Bragg scattering with
strong history eff'ects below Tao are expected by any real-
istic Heisenberg-type SG model. "' The possibility to
align the spins parallel to the direction of an applied mag-
netic field for a long period is characteristic of any SG sys-
tem. But the confirmation of this situation is limited to a
concentrated (periodic lattice) one. The slow transition
from an aligned to a random state and the existence of
ToG (Tso, could be explained by some of the SG models;
the order parameter in a SG is expected to decay with
time, especially under forced aligned conditions. Time-
dependent effects and relaxation effects are predicted by
the dense configurational ground states'" and by the SG
clustering models. ' ' Nonlinear terms in the magnetiza-
tion below Ts~ are predicted by the mean-Geld theory for
the SG state. '
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In conclusion, each of the experimentally observed phe-
nomena could be explained by some of the available SG
models. The absence of a cusp in the ac susceptibility, in
the vicinity of TSG, introduce a difhculty in defining the
system as an archetypal spin glass. Although some
theoretical models do predict a broad maximum instead of
a sharp cusp, ' we observe a nearly Aat behavior. Still, an
extremely broad maximum should not be excluded but
must be confirmed with a better resolution instrument. As
the precise nature of the magnetic order associated with
the cusp in the ac susceptibility is controversial, ' our
present experimental results show that a SG system may
also exist without a significant cusp. Preliminary mea-
surements on other compounds of the RFe4A18 family
(R=Tb, Er,Dy) indicate very similar SG behavior. All
this leads to the conclusion that we probably face a new
type (or a second class) of spin-glass system.

At low temperatures the R moments in the RFe4A18
systems tend to order ferromagnetically while the Fe mo-
ments order antiferromagnetically. Frustration may be

caused by the Ruderman-Kittel-Kasuya-Yosida exchange
coupling of the Ho and Fe moments mediated by the ran-
domly distributed Fe (=5%-8%) and Al vacancies in the
Al positions. ' ' Qne probably deals with a so-called con-
centrated highly frustrated spin system which is charac-
terized by a lack (or-extremely broadened) of a cusp in
the ac susceptibility and a sharp Mossbauer hyperfine
transition at TSG. In addition, the moderate linear change
(non-Brillouin) of the hyperfine fields and the neutron

.Bragg intensities as a function of the temperature that
smoothly reaches an ordered state, could argue for
hierarchical ordering within the spin-glass state. '
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