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Interplay between reversible and irreversible magnetic phase transitions
in polycrystalline Gd5Ge4
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Temperature and magnetic field dependent magnetization and heat capacity of polycrystalline Gd5Ge4 have
been measured. In addition to the antiferromagnetic ordering observed at the Ne´el temperature,TN5128 K,
there is a cusp at;17.5 K in the low-field zero-field cooled~zfc! M (T) curves, below which the zfc and
field-cooled ~fc! magnetic data exhibit irreversibility. The zfc and fc magnetization data show a complex
mixture of reversible and irreversible behaviors at fields between;10 and;18 kOe, which is correlated to the
magnetic field induced transitions between the antiferromagnetic~AFM! and the ferromagnetic~FM! states.
The initial zfc M (H) data below a certain temperature exhibit two transitions: a discontinuous metamagnetic-
like transition and a continuous magnetic moment rotation process. The anomalies in the isofield and isother-
mal magnetization data indicate a complex magnetic structure at low temperatures, e.g., a complex cantedAFM
structure. In addition, magnetic field or temperature inducedAFM↔FM transitions occur under certain
conditions. The unusual magnetic behavior is discussed in terms of a possible complex magnetic structure at
low temperatures and a martensitic-like structural change induced by the magnetic field
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INTRODUCTION

The Gd5(SixGe12x)4 alloys display unusually poten
magnetocaloric,1,2 magnetostrictive,3,4 and
magnetoresistance5–7 effects whenx<;0.5. All are believed
to be associated with a first-order magnetic phase trans
accompanying the simultaneous occurrence of a martens
like structural change. As a result, the latter can be indu
by varying the magnetic field and/or by changing the te
perature. Unlike other members of the series, Gd5Ge4 ap-
pears to remain antiferromagnetic~AFM! in zero field be-
tween ;2 and 130 K, and the magneto-structur
transformation in the germanide can only occur in the pr
ence of magnetic field exceeding 10 kOe.8–10

Certain aspects of the magnetic, elastic, and electr
properties, and electronic structure of Gd5Ge4 , which is one
of the end compounds in the pseudo-binary Gd5(SixGe12x)4

system, have been addressed recently.8–11 Gd5Ge4 has the
complex Sm5Ge4-type orthorhombic structure at room
temperature,11 and it shows some peculiar magnetic featu
at low temperatures, for example, the magnetic field indu
antiferromagnetic~AFM! to ferromagnetic~FM! and the sub-
sequent temperature inducedFM↔AFM transitions.9 In ad-
dition, it has been shown that upon dilution with S
Gd5(SixGe12x)4 with x50.1 ~an alloy which is isostructura
with Gd5Ge4 at room temperature! exhibits a martensitic-like
structural change coupled with theAFM↔FM transition at
low temperature in zero magnetic field.3 Therefore, it is rea-
sonable to assume that there may be a similar martens
0163-1829/2004/69~6!/064410~9!/$22.50 69 0644
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like crystallographic change in the pure germanide, and a
result, there may be some change in the magnetic behav
related to the structural distortion. As shown recently by M
genet al.,10 a structural change in Gd5Ge4 occurs in the pres-
ence of a magnetic field. Its atomic scale mechanism
been established by Pecharskyet al.12

Although the preliminary magnetic field (H)-temperature
(T) magnetic phase diagram has been determined
Gd5Ge4 ,8 some features, including the thermal irreversibili
of magnetic properties at low temperatures in magnetic fie
less than 20 kOe; the two-component contributions to
magnetization process in the zero field cooled~zfc! initial
M (H) curves; and magnetic hysteresis in fields below
kOe and at temperatures below 20 K have not been
dressed in detail. The underlying mechanisms of th
anomalies, therefore, have not been yet elucidated. The m
tioned anomalous phenomena are likely related to a com
magnetic structure of the material at low temperatures, e.g
canted antiferromagnet, assuming that it may be simila
that reported in the Tb5Ge4 compound.13,14

In this work, we present the results of an investigation
the thermal irreversibility and magnetic hysteresis at l
temperature, and propose our understanding of the phen
ena based on assumptions that~1! a complex magnetic struc
ture exists at low temperatures, and~2! that Gd5Ge4 under-
goes a martensitic-like crystallographic phase cha
simultaneously with aFM ordering transition under certai
conditions. TheH-T magnetic phase diagram of the title
compound was refined taking into account both the reve
ible and irreversible nature of theAFM↔FM transitions
induced by magnetic field and/or temperature.
©2004 The American Physical Society10-1
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TANG, PECHARSKY, GSCHNEIDNER, AND PECHARSKY PHYSICAL REVIEW B69, 064410 ~2004!
EXPERIMENTAL DETAILS

The polycrystalline Gd5Ge4 sample was prepared by a
melting the stoichiometric mixture of constituent eleme
Gd ~99.9 at. % purity! and Ge~99.999 at. % purity!. The Gd
was prepared by the Materials Preparation Center at
Ames Laboratory, and contained the following major imp
rities ~in ppm atomic!: O-440, C-200, H-160, N-90, Fe-40
and F-30. The Ge was purchased from Meldform Meta
The as-cast Gd5Ge4 was characterized by x-ray powder di
fraction and optical metallography, and was found to b
single-phase material with the Sm5Ge4-type orthorhombic
structure at room temperature.11 The magnetization measure
ments were carried out in a LakeShore magnetome
susceptometer~model 7225!. The zero-field cooled~zfc! iso-
thermal magnetization,M (H), was measured after coolin
the Gd5Ge4 sample from;180 K (;50 K higher than the
observedPM↔AFM transition temperature! to 4.2 K in
zero magnetic field and then warming up to the desired t
perature in zero magnetic field. The zfc isofield magneti
tion, M (T), was measured at the desired magnetic field d
ing heating with a rate of 1.5 K/min. The field cooled~fc!
M (T) behaviors were measured at the specific magn
fields during heating after cooling the sample from;180 to
4.2 K in the same magnetic field. SomeM (H) data were also
collected at selected temperatures after measuring the in
zfc M (H) behavior at 4.5 K and then warming up to th
desired temperature in zero magnetic field, in order to ve
both the magnetic state of the Gd5Ge4 compound after it was
previously magnetized at a lower temperature and the rev
ibility of the magnetic field induced phase transition in th
compound. In addition, the heat capacity data were collec
on heating in an automatic semi-adiabatic heat pu
calorimeter15 at various magnetic fields after cooling th
sample in zero magnetic field.

EXPERIMENTAL RESULTS

Zero field cooled and field cooledM „T… data and
irreversibility

The zfc and fcM (T) behavior of Gd5Ge4 are shown to-
gether in Fig. 1~in magnetic fields of 10 kOe and below!, in

FIG. 1. The zfc and fcM (T) data for polycrystalline Gd5Ge4

measured in low magnetic fields during heating.
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s

e
-

.

a

r/

-
-
r-

ic

ial

y

rs-

d
e

Fig. 2 ~in magnetic fields between;12 and 16 kOe!, and in
Fig. 3 ~in magnetic fields above 20 kOe!. In all magnetic
fields, there is a weak anomaly at;128 K, which can be
attributed to theAFM↔PM magnetic phase transition a
has been well documented in the literature,8–11,16 and illus-
trated in the inset in Fig. 1. In the case of magnetic fields
10 kOe and below, there is a cusp with a maximum
;17.5 K, in both the zfc and fcM (T) curves. Below
;17.5 K, the zfc and fcM (T) branches diverge, and abov
this temperature the zfc and fcM (T) data are identical. Mea
surements of the ac magnetic susceptibility as a function
temperature indicate that the cusp shows no frequency
pendence, thus ruling out the possibility of magnetic dis
der, i.e., a spin glass withTf around 17.5 K. Both the cusp a
;17.5 K and the irreversibility below 17.5 K cannot be a
tributed to theAFM transition occurring at;128 K ~zero
field!. The two arguments are as follows: First, the cor
sponding AFM→PM transition temperature is;128 K
~zero field, heating process! and the thermal divergence be
tween the zfc and fcM (T) curves should be observed ju
below 128 K in low magnetic fields. Second, initial z
M (H) data, that will be presented later, show that no m
netic transitions occur at fields below 10 kOe.

FIG. 2. The zfc and fcM (T) data for polycrystalline Gd5Ge4

measured in intermediate magnetic fields during heating.

FIG. 3. The zfc and fcM (T) data for polycrystalline Gd5Ge4

measured at 25 and 40 kOe during heating. The inset clarifies
behavior at the lowest temperature forH525 kOe.
0-2
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INTERPLAY BETWEEN REVERSIBLE AND . . . PHYSICAL REVIEW B69, 064410 ~2004!
As shown in Fig. 2, in the magnetic field range from;12
to 16 kOe, the zfc and fcM (T) data display different fea
tures. Compared to the cases with applied fields lower t
10 kOe~Fig. 1!, the maximum magnetization value in ea
curve increases sharply in magnitude in this range of m
netic field. It is obvious that there are basically two types
transitions~from AFM to FM, and then fromFM to AFM on
heating! at low temperatures, besides theAFM→PM tran-
sition occurring at;128 K.8,9,11,16The AFM→FM transi-
tion at the lowest temperature has also been verified by
initial zfc M (H) data ~will be shown in the following sec-
tion!. The irreversibility between the zfc and fcM (T) curves
is maintained on heating up to the correspondingFM
→AFM transition, the temperature of which increases w
increasing magnetic field. This behavior is different from t
features observed at fields below 10 kOe~Fig. 1!, where the
irreversibility disappears at a constant temperature coin
ing with the cusp at;17.5 K on heating. The cusp observe
around 17.5 K in zfcM (T) data is no longer seen in fcM (T)
data when the applied magnetic field equals to or exceed
kOe. The changes in the irreversibility with respect to ma
netic field are associated with the temperature-indu
AFM→FM transition during field cooling in the magnet
field above 10 kOe and the appearance of a mixture of
AFM and FM states in the temperature range from;8 to
;22 K after field-cooling the sample, as will be shown in t
next section. For the cases with magnetic field between
and 18 kOe, the zfcM (T) branches~also see Fig. 4, below!
show a discontinuity at low temperature, which is depend
upon the applied magnetic field, indicating that there is
metamagneticAFM→FM transition triggered at a specifi
magnetic field by varying temperature.

The zfc and fcM (T) data above 20 kOe exhibit feature
different from those observed in low and medium magne
fields, as shown in Fig. 3 for 25 and 40 kOe as typical
and fcM (T) behaviors. At low temperatures, the compou
is basically in theFM state when the magnetic field excee
19 kOe, except for a subtle structure still observed at
lowest temperature in the zfcM (T) curves below;10 K, as
shown in the inset of Fig. 3 for a magnetic field of 25 kO
Recent x-ray diffraction studies12 also revealed structura

FIG. 4. The zfc magnetization of polycrystalline Gd5Ge4 as a
function of temperature at various dc magnetic fields, measu
during heating.
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transitions induced by application/removal of a magne
field at low temperatures, i.e., the transition between
Gd5Si4-type and the Sm5Ge4-type orthorhombic structure
induced by magnetic field under certain conditions. T
likely origin of this low temperature anomaly in the zfc ma
netization data may be the temperature dependence of im
fectly collinear configuration of magnetic moments at t
lowest temperatures. However, we cannot exclude the po
bility of a dynamical process associated with the relaxat
of the magnetic field inducedAFM→FM transformation,
which was noted in the dynamic measurements near the c
cal magnetic field.9 The zfc and fcM (T) branches become
identical to one another above;10 K in 25 kOe and at all
temperatures in a 40 kOe magnetic field or above.

In order to illustrate the gradual change inM (T) in vari-
ous magnetic fields and the underlying magnetic phase t
sitions and/or magnetic structure changes with temperat
we show in Fig. 4 the zfcM (T) data of the thermally de-
magnetized Gd5Ge4 sample measured from;4.5 to;180 K
on heating in various magnetic fields. Not shown here is
transition at;128 K ~when H50 kOe) which is slightly
shifted towards lower temperature with increasing magn
field, i.e., it occurs at;126 K in 50 kOe. The low tempera
ture portions of the zfcM (T) data display a bell-like
anomaly in low magnetic fields, which gradually increases
the amplitude with rising field in the range from 10 to 1
kOe. The low temperature side of the anomaly indica
AFM→FM transition, and its high temperature side corr
sponds toFM→AFM transition. Bell-like anomalies are
centered at;17.5 K in magnetic fields below 15 kOe, but
plateau around this temperature develops and gradu
broadens as magnetic field increases beyond 15 kOe. W
the magnetic field reaches 16–18 kOe, the nearly symme
bell-like anomaly in the zfcM (T) curves evolves into a dis
continuity on the low temperature side, followed by
gradual increase in the amplitude plus a plateau, while
high temperature side remains continuous in all magn
fields. The discontinuity signals a metamagnetic transit
induced by temperature variation at magnetic fields of 16
17 kOe.

To summarize the data presented in Figs. 1–4, the
M (T) behaviors in magnetic fields less than;10 kOe sug-
gest a re-arrangement of a complexAFM structure induced
by heating, which is manifested by a broad peak at;17.5 K.
The zfc M (T) data in magnetic fields between;10 and
;19 kOe point to a different picture, i.e., upon heating the
is anAFM→FM transition followed by aFM→AFM mag-
netic phase transition in a constant magnetic field. The
M (T) data measured in fixed magnetic fields larger than
kOe reveal a magnetic phase transition fromFM to AFM
upon heating at temperatures between;25 and;55 K. In
addition, for H.19 kOe a subtle feature below;10 K,
which may be associated with the temperature dependenc
the nearly collinear spin structure or with the time depend
magnetization at the lowest temperatures in fields up to
kOe, is observed. Some thermal divergence between the
and fc M (T) data is noted below;35 kOe, which disap-
pears in higher magnetic fields.

d
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TANG, PECHARSKY, GSCHNEIDNER, AND PECHARSKY PHYSICAL REVIEW B69, 064410 ~2004!
ISOTHERMAL MAGNETIZATION, M(H)

In order to clarify the magnetic states at different tempe
tures and fields, we carried out measurements of the iso
mal magnetization under various conditions. The initial ma
netization data and the corresponding field-decreas
branches at different temperatures are shown in Figs. 5
Each curve was obtained by measuring the polycrystal
Gd5Ge4 sample in the virgin state after zero-field coolin
from the paramagnetic region. Figure 5 shows the data
temperatures between 4.9 and;10 K, Fig. 6 is for the cases

FIG. 5. Initial magnetization and the field-decreasing branc
measured at 4.9 and 5.9 K~a!, and 7.8 and 9.7 K~b!. The data were
taken after zero-field cooling from 180 to 4.2 K and then warm
up to the temperatures of measurement in zero field. The arr
indicate the magnetic field change direction.

FIG. 6. Initial magnetization and the field-decreasing branc
measured between 10 and 20 K. The data were taken after zero
cooling from 180 to 4.2 K and then warming up to the temperatu
of measurement in zero field. The arrows indicate the magnetic
change direction.
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with temperature from;12 to;19 K, and Fig. 7 represent
magnetization measured at temperatures between;22 and
45 K. Above;50 K, no magnetic field-induced transition
have been observed in the initialM (H) data in the magnetic
field below 56 kOe. Comparing these three figures, it is
vious that the magnetization behavior is different in each
the three ranges of temperature. Below;8 K, as shown in
Fig. 5, a discontinuous metamagnetic transition occurs, w
a critical magnetic field decreasing from;18 kOe at 4.5 K
to ;14 kOe at;8.0 K. Furthermore, two components i
M (H) curves are clearly seen during the transition fro
AFM to FM state in this temperature range. A possible mo
for these behaviors is as follows: A sharp discontinui
which may be due to a metamagnetic transition, followed
a continuous moment rotation process, i.e., the further al
ment of spins with increasing magnetic field beyond the cr
cal value. These two kinds of events are schematically sho
in Fig. 8, as a discontinuous metamagnetization proc

s

s

s
eld
s
ld

FIG. 7. Initial magnetization and the field-decreasing branc
measured above 20 K. The data were taken after zero-field coo
from 180 to 4.2 K and then warming up to the temperatures
measurement in zero field. The arrows indicate the magnetic fi
change direction.

FIG. 8. The schematic diagram of the two types of the mag
tization process in anAFM system:~a! The discontinuous metamag
netic transition, and~b! the continuous rotation of magnetic mo
ments. In the former case, there exists only one critical magn
field, but there are two critical magnetic field values in the lat
case and the transition begins at a field aboveHc1 and ends at a
magnetic field aboveHc2 , betweenHc1 andHc2 there is a mixed
state of field inducedFM andAFM phases.
0-4
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INTERPLAY BETWEEN REVERSIBLE AND . . . PHYSICAL REVIEW B69, 064410 ~2004!
@Fig. 8~a!#17,18 and a continuous spin rotation@Fig. 8~b!#,17,19

respectively. In Gd5Ge4 , for example, the latter componen
in the virginM (H) data persists from;18 to;35 kOe field
at 4.9 K and from;16 to ;24 kOe at 7.8 K. The relative
contribution of these two components to the magnetiza
value changes systematically, i.e., the metamagnetic dis
tinuity becomes less evident and the continuous momen
tation becomes more prominent, and finally dominates w
increasing temperature to;9.7 K.

Assuming that the magnetic structure of Gd5Ge4 at low
temperatures may be similar to that observed in Tb5Ge4 ,13,14

a gradual transformation from metamagnetism to continu
moment rotation indicates a complex temperature dep
dence of the magnetic structure. Additionally, there is a d
tinct hysteresis between the field-increasing and fie
decreasing branches ofM (H) data but with zero coercivity
After being magnetized and when the magnetic field is
duced to zero at a temperature below;8 K, the system re-
mains ferromagnetic indefinitely provided the temperat
remains constant or remains below 8 K. This is easily
rived from a second magnetization process following the fi
demagnetization branch, as seen in the inset of Fig. 9~a!, thus
confirming the irreversible nature of theAFM→FM mag-
netic phase transition in this temperature range.

As shown in Fig. 6, the magnetic field inducedAFM
→FM transition in the thermally demagnetized Gd5Ge4
sample has a nearly constant critical field value
;10.5 kOe in the temperature range from;12 to ;22 K.
TheM (H) data in this temperature range exhibit a gradua

FIG. 9. Magnetization dataM (H) and the corresponding field
decreasing branches of polycrystalline Gd5Ge4 measured at various
temperatures after the sample was magnetized at 4.5 K using
kOe magnetic field and then warmed in zero magnetic field up
the measurement temperature:~a! Temperature between;4.5 and
;10 K; ~b! temperatures between;13 and;20 K. The arrows
indicate the magnetic field change direction.
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increasing magnetization unlike the discontinuous beha
of M (H) below;10 K. The hysteresis existing between th
field-increasing and the field-decreasing branches show
coercivity and confirms the first-order nature of the magne
field inducedAFM→FM transition. At a temperature abov
;12 K, the field-decreasing branch gradually deviates fr
the pureFM behavior and begins to display a step-behav
~see the low-field portion on the field-decreasing branche
Fig. 6!, which indicates a mixture ofAFM andFM states in
this temperature range (;12–;22 K) upon the removal of
the magnetic field. Therefore, theAFM↔FM transitions in
the temperature range of;12–;22 K become partially re-
versible, as was concluded earlier.9

Above ;22 K, the magnetic field inducedAFM→FM
transition and the hysteresis between theAFM→FM transi-
tion and the reverseFM→AFM transition remain, but shift
to higher magnetic field with increasing temperature. T
AFM↔FM transitions become completely reversible b
with a hysteresis of;10 kOe for each temperature in th
range. Unlike the behavior observed below;22 K, where
the magnetization is dependent upon the previous magn
zation history, theM (H) behavior is completely repeatab
for each temperature above;22 K when magnetic field is
cycled. Considering the irreversibility of the magnetic fie
induced transition below;8 K, and its partial reversibility
between;8 and;22 K, we conclude that theAFM state
above;22 K is different from that observed below;8 K.
In fact, the magnetic field inducedAFM↔FM transitions in
Gd5Ge4 above;22 K is quite similar to that ofAFM↔FM
transformation reported in the Gd5Si0.4Ge3.6 ~Ref. 3! com-
pound and the magnetic field inducedPM↔FM transitions
reported in the Gd5Si2Ge2 compound.6,7 The critical fields
corresponding to theAFM→FM transition increase with
increasing temperature in this range, which is understand
by considering that the Gibbs free energy difference betw
the two states increases with increasing temperature and
transformation from one state to another requires a hig
static magnetic energy (m0MH) to overcome the free energ
difference.20

The magnetic field inducedFM interactions arise from
AFM state due to the sign reversal of the magnetic excha
parameterJex. This sign reversal is likely related to the ma
netic field induced structural change. In this compound,
FM interactions, which are induced by the application
magnetic field, are weak. Hence, the system can be tr
formed back to theAFM state by removal of the magneti
field at temperatures above;22 K or by elevating tempera
ture after the field has been removed. The complete or pa
recovery of theAFM state from the field-inducedFM state
by the removal of magnetic field has been noted above by
corresponding field-decreasing branches inM (H) data at
temperatures above;12 K ~Figs. 6 and 7!. To better under-
stand the interplay between theFM andAFM states, we stud-
ied the temperature dependence of theAFM state recovered
from the magnetic field inducedFM state. Shown in Fig. 9
are theM (H) curves measured at various temperatures a
the thermally demagnetized sample was magnetized at 4
using a 56 kOe magnetic field and then warmed up to

56
o

0-5
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TANG, PECHARSKY, GSCHNEIDNER, AND PECHARSKY PHYSICAL REVIEW B69, 064410 ~2004!
temperature of measurement in zero field. The lowest t
perature data~4.6 K! in Fig. 9~a! confirm the previously re-
ported results:9 The inducedFM state remains stable in zer
magnetic field at this temperature. The sample remains
romagnetic when warmed up to a temperature as high as
in zero magnetic field. However, when the measurem
temperature is increased to;10 K or above, a distinguish
able step-behavior in theM (H) data indicates that a fractio
of the field inducedFM phase has been thermally tran
formed back to theAFM state. The amount of the remainin
FM phase is dependent upon temperature and it decre
with increasing temperature in the range from 10 to 20 K,
clearly seen in Fig. 9~b! from the gradually decreasing am
plitude of the first step in theM (H) data.

Figure 10 shows quantitatively the temperature dep
dence of the residualFM phase in the Gd5Ge4 compound as
a function of temperature after being initially magnetized
4.5 K. The amount of the residualFM phase was evaluate
from theM (H) data by employing a method similar to th
described by Levin et al.9 Below ;8.6 K, the pre-
magnetized Gd5Ge4 sample remains in theFM state. The
AFM state is recovered from the magnetic field inducedFM
state in a linear fashion between;8.6 and;21.3 K, as in-
dicated by the solid line in Fig. 10. The concentration
residualFM phase can be determined fromf (T)5100– 7.9
3(T-8.6) between 8.6 and 21.3 K, wheref (T) is weight
percent of theFM phase andT is temperature. This partia
transformation process betweenAFM andFM is fully repeat-
able at each temperature in this range, regardless of the
vious magnetization history. In other words, the second,
third and additional applications of the magnetic field at co
stant temperature follow the first magnetization and dem
netization path shown in Fig. 9. Therefore, as demonstra
in Fig. 10, the partially recoveredAFM state exists in the
temperature range from;8.6 to ;21.3 K together with the

FIG. 10. Temperature dependence of the amount of the resi
FM phase in the polycrystalline Gd5Ge4 sample after initial mag-
netization at 4.5 K. TheFM content was evaluated from theM (H)
data at the individual temperatures by extrapolating the corresp
ing low magnetic field steps to the 56 kOe field and computin
ratio to the magnetization value of sample at 56 kOe field. The s
circles are the experimental data, the broken line is the guide fo
eye, and the solid line is the least squares fit to the experime
data in the range of 9–21 K.
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residual FM state in the Gd5Ge4 sample which was pre
magnetized at a lower temperature. Above;21.3 K, the
AFM state is fully recovered from the field-inducedFM
state.

Heat capacity

Figure 11 shows the heat capacity as a function of te
perature in magnetic fields of zero, 20, and 50 kOe, m
sured on heating after zero field cooling the sample. Con
tent with dc magnetization behavior, theCp(T) data in zero
magnetic field show no distinct anomalies associated w
any phase transitions at low temperatures, except for
l-type peak at;128 K corresponding to theAFM→PM
transition. A similar behavior holds for the cases with
applied magnetic field lower than 10 kOe. This result co
firms that there are no obvious phase transitions be
;128 K in a magnetic field smaller than;10 kOe. When
magnetic field equals or exceeds 20 kOe, however, a s
peak in theCp(T) data develops at low temperatures,
addition to thel-type anomaly at;128 K. The sharp peak
shifts towards higher temperatures (;30 K in 20 kOe to
;48 K in 50 kOe!, while the l-type anomaly at;128 K,
which is observed in zero field, shifts towards lower te
peratures with increasing magnetic field. The sharp peak
the Cp(T) data manifests a temperature induced first-or
phase transition from theFM state at low temperatures to th
AFM state at higher temperatures. The behavior of heat
pacity in magnetic fields between 10 and 20 kOe is qu
complex and analysis of the data will be published elsewh
when it is completed.

Considering the heat capacity below;25 K in zero mag-
netic field, its values are larger when compared to the d
observed in 20 and 50 kOe magnetic fields, as is easily
ognizable in Fig. 11. This enhancement is consistent with
cusp in dc magnetization observed at;17.5 K in low mag-
netic fields ~see Figs. 1 and 4!. As shown in Fig. 12, the
difference between theC/T values in zero field and theC/T
values in an applied magnetic fieldH ~20 and 50 kOe! ex-
hibits broad peaks at;17.5 K, i.e., at the same temperatu

al

d-
a
id
e

tal

FIG. 11. The heat capacity of polycrystalline Gd5Ge4 as a func-
tion of temperature measured in magnetic fields of 0, 20, and
kOe after cooling the sample in zero field. The heat capacity d
were taken on heating.
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INTERPLAY BETWEEN REVERSIBLE AND . . . PHYSICAL REVIEW B69, 064410 ~2004!
as the cusp observed in the low-field dc magnetization d
Considering that Gd is anS-state ion, the likely origin of the
heat capacity anomaly shown here is a spin re-orientat
e.g., from an easy plane anisotropy to an easy-axis an
ropy, or from an easy-cone anisotropy to an easy-axis an
ropy. However, this anomaly can also be due to a variation
canting angle assuming a complex magnetic structure of
material and its dependence on temperature in weak m
netic fields. The magnetization data on single crys
Gd5Ge4 , which were obtained by Levinet al.,21 are helpful
since they may give a more detailed account about the or
of this anomaly.

DISCUSSION

Based on the experimental results presented above
corresponding critical fields and/or critical temperatures
be utilized to construct the refinedH-T magnetic phase dia
gram for Gd5Ge4 ~see Fig. 13!. Figure 13~a! is for the initial
magnetization of the thermally demagnetized sample,
Fig. 13~b! is for the sample pre-magnetized at 4.5 K by
magnetic field of 56 kOe. Taking into account the nature
theAFM states at different temperatures, theH-T phase dia-
gram shown in Fig. 13~a! represents a revision of that pub
lished recently by Levinet al.8 It emphasizes that the initia
AFM state at the lowest temperature, which is labeled
AFM-2, is different from the high temperatureAFM state
between;21.3 and;128 K, which is denoted asAFM-1.
The mixture ofAFM-1 andAFM-2 phases between;8.6 and
;21.3 K is responsible for the temperature independenc
the critical magnetic field in this temperature range. Bo
AFM states can be transformed into theFM state by the
application of a magnetic field. The transition fromAFM-2 to
FM, induced by field, is irreversible, and the critical fie
decreases with increasing temperature, reaching;10 kOe at
;8.6 K. However, the transition fromAFM-1 to FM is re-
versible but with a hysteresis of;10 kOe, and the critica
field increases with increasing temperature, beginning fr
;10 kOe at;21.3 K. The sample pre-magnetized at 4.5
which behaves different from the thermally demagnetiz
sample, exhibits a mixture ofFM andAFM-1 states between

FIG. 12. The temperature dependence of theC/T difference
between the zero field case and the cases with magnetic fields
and 50 kOe, respectively.
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;8.6 and;21.3 K, and there is only one magnetic fie
inducedFM state existing at temperatures below;8.6 K.

In order to interpret the observed magnetic anomalies,
propose a scenario where Gd5Ge4 adopts a complex cante
AFM structure at low temperature. The actual spin struct
varies as a function of temperature, and assuming a pos
similarity of the magnetic structure of Gd5Ge4 with that of
Tb5Ge4 ,13,14 spin canting disappears with increasing te
perature. For example, below;8 K as shown in Fig. 5, with
the application of the magnetic field higher than a critic
value the magnetic moments align along the direction of
magnetic field vectorvia a metamagnetic process, and th
the canting is gradually eliminated as Gd-moments appro
collinearly with further increasing magnetic field. At a tem
perature above;8 K @Figs. 5~b!, 6, and 7#, the discontinuous
magnetization disappears due to the evolution of a differ
magnetic structure with varying temperature.

Similar to the silicon-containing alloys in th
Gd5(SixGe12x)4 family,3,22,23 there is a martensitic-like
magnetic-structural transition in the Gd5Ge4 compound.12 It
may be triggered by varying temperature at a constant m
netic field, which exceeds a critical value, or by varyin
magnetic field at a constant temperature over a certain ra
of temperatures. In the frame of this knowledge, both
FM↔AFM-1 andAFM-2↔FM transitions can be under
stood as the transitions between the ferromagn
Gd5Si4-type orthorhombic structure and two different an
ferromagnetic orthorhombic Sm5Ge4-type structures. These

20

FIG. 13. The refinedH-T phase diagrams for polycrystallin
Gd5Ge4 . The critical magnetic field values derived fromM (H)
data are the onset values of the transition fromAFM to FM state
during the magnetic field increasing, the critical temperature d
from heat capacity, or thermal magnetization data were taken
heating. ~a! Thermally demagnetized sample and~b! the sample
magnetized by a magnetic field of 56 kOe and after reducing
magnetic field to zero at 4.5 K.
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transitions are first-order type and may occur reversibly w
hysteresis~at high temperatures! or irreversibly~at low tem-
peratures!. Different from other known cases in this serie
the martensitic-like transition in Gd5Ge4 triggered by tem-
perature can only be observed in magnetic fields abov
certain value. In zero magnetic field, no temperature indu
magnetic-structural transition occurs in the titled materia

Both the cusp at;17.5 K and the thermal irreversibility
observed;17.5 K in the low field magnetic data may hav
two possible contributions. First, they may be attributed
possible pre-martensitic phenomena recalling that there
transformation of the Sm5Ge4-type orthorhombic structure
~low field! into the Gd5Si4-type orthorhombic structure~high
field!.12 Second, these anomalies may be purely magneti
nature, i.e., magnetic structure change occurs with vary
temperature, as has been reported for several other
containing alloys24–26based on the results of neutron diffra
tion experiments. Another mechanism is the possibility o
spin reorientation transition, e.g., from an antiferromag
with a uniaxial anisotropy below the cusp to an antifer
magnet with an easy plane anisotropy or easy cone an
ropy above the cusp.

It is worth noting that the magnetization behavior, sho
in Fig. 9 and quantified in Fig. 10, indicates the hetero
neous nature of Gd5Ge4 compound in the temperature rang
from ;8.6 to ;21.3 K, i.e., the partially recoveredAFM-1
and the residualFM states co-exist in zero magnetic field a
in fields lower than the corresponding critical values of t
AFM→FM transition. The gradually increasing amount
the AFM-1 phase~with increasing temperature! also indi-
rectly supports the assumption about the heterogeneity o
virgin sample, as highlighted in theH-T phase diagram in
Fig. 13~a!. Unlike the magnetic field induced co-existence
the FM and AFM-1 states, the co-existingAFM-1 and
AFM-2 states retain the same crystal structure.12

The heterogeneity of magnetic structures is related to
complex crystallography of the material. As is well know
the compound Gd5Ge4 possesses the Sm5Ge4-type ortho-
rhombic structure at room temperature11 with lattice param-
eters a57.6968(5) Å, b514.831(1) Å, c57.7851(5) Å.
There are three nonequivalent sites for Gd ions: Gd1 in 4(c),
Gd2 in 8(d), and Gd3 in 8(d), and three nonequivalent site
for Ge atoms: Ge1 in 4(c), Ge2 in 4(c) and Ge3 in 8(d), in
the unit cell. Furthermore, in this naturally layered crys
structure, the layers remain unlinked~not connected! by

*Corresponding author. FAX: 515-294-9579. Electronic addre
htang@ameslab.gov
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Ge–Ge covalent-like bonds between layers. Therefore,
coupling between Gd ions within the slabs may be differ
from that between the slabs. As a result, Gd spins may
coupled ferromagnetically within the layers and antiferr
magnetically between the layers. The assumption of the c
plex cantedAFM magnetic structure of Gd5Ge4 , however,
needs further experimental verification by neutron diffracti
using high energy neutron source in order to reduce the
sorption cross section of the naturally occurring mixture
Gd isotopes.24,26

CONCLUSIONS

In the present investigation, the isothermal magnetizat
behavior, thermal magnetic properties, and the heat capa
have been measured on the polycrystalline Gd5Ge4 alloy as a
function of temperature and magnetic field under vario
conditions. The magnetic field inducedAFM↔FM transi-
tions, the metamagnetic behavior, and the two-compon
magnetization behavior have been observed in the zero-fi
cooling initial M (H) curves. The cusp in the zfcM (T)
curves in magnetic fields below;10 kOe, and thermal mag
netic irreversibility between the zfc and fc dcM (T) curves
in various magnetic fields have been observed below;20 K.
Moreover, taking into account both the reversible and ir
versible nature of the relatedAFM↔FM transitions, the
refinedH-T magnetic phase diagrams have been constru
for the material in the thermally demagnetized and in
pre-magnetized states. In order to interpret the obser
magnetic anomalies in the Gd5Ge4 compound, an assump
tion has been made that at low temperatures there is a c
plex canted antiferromagnetic structure, and it shows co
plex temperature dependence. A martensitic-like structu
transition, which is driven by temperature when the magne
field exceeds a certain value (;10 kOe), or by magnetic
field variation above;20 K, plays a role in the observe
unusual sequence of magnetic phases.
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