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Temperature and magnetic field dependent magnetization and heat capacity of polycrystalteg lizde
been measured. In addition to the antiferromagnetic ordering observed at ¢héehperatureTy=128 K,
there is a cusp at-17.5 K in the low-field zero-field coole¢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 betwe#@ and~ 18 kOe, which is correlated to the
magnetic field induced transitions between the antiferromagi@fdl) and the ferromagnetitFM) 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 complexrddnted
structure. In addition, magnetic field or temperature induédeM«— 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 like crystallographic change in the pure germanide, and as a
result, there may be some change in the magnetic behaviors
The Gd(SiGe _,), alloys display unusually potent related to the structural distortion. As shown recently by Ma-
magnetocalorid:? magnetostrictivé:* and  genet al,'®a structural change in GGe, occurs in the pres-
magnetoresistand@ effects whernx< ~0.5. Al are believed ence of a magnetic field. Its atomic scale mechanism has

P 12
to be associated with a first-order magnetic phase transitio‘qeen established by Pecharsiyal.

. . ... Although the preliminary magnetic fieldH()-temperature
accompanying the simultaneous occurrence of a martensiti ) magnetic phase diagram has been determined for

like struptural change. As a result, the latter can be induce d.Ge,, some features, including the thermal irreversibility
by varying the magnetic field and/or by changing the tem-of magnetic properties at low temperatures in magnetic fields
perature. Unlike other members of the seriess@&] ap-  |ess than 20 kOe; the two-component contributions to the
pears to remain antiferromagnetidaFM) in zero field be- magnetization process in the zero field coolgtt) initial
tween ~2 and 130 K, and the magneto-structural M(H) curves; and magnetic hysteresis in fields below 20
transformation in the germanide can only occur in the preskOe and at temperatures below 20 K have not been ad-
ence of magnetic field exceeding 10 k&é° dresseq in detail. The underlying mechanisms of these
Certain aspects of the magnetic, elastic, and electrica@nomalies, therefore, have not been yet elucidated. The men-
properties, and electronic structure of &, , which is one tioned anomalous phenomena are likely related to a complex

of the end compounds in the pseudo-binans@iGe, ) magnetic structure of the material at low temperatures, e.g., a

system, have been addressed recéhntlyGd.Ge, has the '([:r?antt(ragpz?gg rigong_?ﬁéas;ﬁqrgg]fngﬁult may be similar to

complex SrPGel—t.ype orthorhombic  structure at room |, this work, we present the results of an investigation of
temperaturé; and it shows some peculiar magnetic featureshe thermal irreversibility and magnetic hysteresis at low
at low temperatures, for example, the magnetic field inducegemperature, and propose our understanding of the phenom-
antiferromagneti¢AFM) to ferromagneti¢FM) and the sub-  ena based on assumptions tfiBta complex magnetic struc-
sequent temperature inducE# «AFM transitions’ In ad-  ture exists at low temperatures, af®] that GdGe, under-
dition, it has been shown that upon dilution with Si, goes a martensitic-like crystallographic phase change
Gds(SikGe _y) 4 With x=0.1 (an alloy which is isostructural simultaneously with &M ordering transition under certain
with GdsGe, at room temperatujeexhibits a martensitic-like conditions. TheH-T magnetic phase diagram of the titled
structural change coupled with te=M<«— FM transition at compound was refined taking into account both the revers-
low temperature in zero magnetic fieldherefore, it is rea- ible and irreversible nature of thAFM«FM transitions
sonable to assume that there may be a similar martensititaduced by magnetic field and/or temperature.
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EXPERIMENTAL DETAILS . ' G e, héating

H 30 | SRS
The polycrystalline GgGe, sample was prepared by arc —@— H=12KOe, zfc
melting the stoichiometric mixture of constituent elements —0— H=12k0e, fc

Gd (99.9 at. % purity and Ge(99.999 at. % purity The Gd ar —A— H=14K0e,zfc 7
was prepared by the Materials Preparation Center at the 3 oh v ﬂ:]gﬁgj fchc |
Ames Laboratory, and contained the following major impu- » —v— H=16kOe, fc
rities (in ppm atomig: O-440, C-200, H-160, N-90, Fe-40, = Ll 1
and F-30. The Ge was purchased from Meldform Metals.

The as-cast Gf5e, was characterized by x-ray powder dif- ok 1
fraction and optical metallography, and was found to be a o

single-phase material with the $@e,-type orthorhombic o s ;
structure at room temperatuteThe magnetization measure- 0 40 80

ments were carried out in a LakeShore magnetometer/ T(K)

susceptometdimodel 7225%. The zero-field coolegizfc) iso-
thermal magnetizationM (H), was measured after cooling
the GdGeg, sample from~180 K (~50 K higher than the
observedPM+«— AFM transition temperatujeto 4.2 K in
zero magnetic field and then warming up to the desired temFig. 2 (in magnetic fields between 12 and 16 kOg and in
perature in zero magnetic field. The zfc isofield magnetizafig. 3 (in magnetic fields above 20 k@eln all magnetic
tion, M(T), was measured at the desired magnetic field durfields, there is a weak anomaly at128 K, which can be

ing heating with a rate of 1.5 K/min. The field cooléft) attributed to theAFM«+— PM magnetic phase transition as
M(T) behaviors were measured at the specific magnetibas been well documented in the literatfr&:'®and illus-
fields during heating after cooling the sample freni80 to  trated in the inset in Fig. 1. In the case of magnetic fields of
4.2 K in the same magnetic field. Som{H) data were also 10 kOe and below, there is a cusp with a maximum at
collected at selected temperatures after measuring the initiat 17.5 K, in both the zfc and foM(T) curves. Below

zfc M(H) behavior at 4.5 K and then warming up to the ~17.5 K, the zfc and fM(T) branches diverge, and above
desired temperature in zero magnetic field, in order to verifithis temperature the zfc and fi¢(T) data are identical. Mea-
both the magnetic state of the gk, compound after it was surements of the ac magnetic susceptibility as a function of
previously magnetized at a lower temperature and the rever¢emperature indicate that the cusp shows no frequency de-
ibility of the magnetic field induced phase transition in this pendence, thus ruling out the possibility of magnetic disor-
compound. In addition, the heat capacity data were collecteder, i.e., a spin glass with; around 17.5 K. Both the cusp at
on heating in an automatic semi-adiabatic heat pulse-17.5K and the irreversibility below 17.5 K cannot be at-
calorimetet® at various magnetic fields after cooling the tributed to theAFM transition occurring at-128 K (zero

FIG. 2. The zfc and fdM(T) data for polycrystalline Gg5e,
measured in intermediate magnetic fields during heating.

sample in zero magnetic field. field). The two arguments are as follows: First, the corre-
sponding AFM—PM transition temperature is-128 K
EXPERIMENTAL RESULTS (zero field, heating procesand the thermal divergence be-

tween the zfc and féM(T) curves should be observed just

below 128 K in low magnetic fields. Second, initial zfc

M(H) data, that will be presented later, show that no mag-
The zfc and fcM(T) behavior of GgGe, are shown to- netic transitions occur at fields below 10 kOe.

gether in Fig. 1(in magnetic fields of 10 kOe and belgwn

Zero field cooled and field cooledM (T) data and
irreversibility
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FIG. 3. The zfc and fdM(T) data for polycrystalline G5,
FIG. 1. The zfc and faV(T) data for polycrystalline GgGe, measured at 25 and 40 kOe during heating. The inset clarifies the
measured in low magnetic fields during heating. behavior at the lowest temperature fé= 25 kOe.
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' a d;Ge4, 216, hEating t_ransitions induced by app_lication/removc_':l! of a magnetic
30| o H_10koe | field at low temperatures, i.e., the transition between the
o H=12kOe Gd;Siy-type and the SgGey-type orthorhombic structures
24 - —4— H=14kOe A induced by magnetic field under certain conditions. The
E ! l v e :Z}g tgg likely origin of this low temperature anomaly in the zfc mag-
18 "_{l\ §> —o— H=17kOe ] netization data may be the temperature dependence of imper-
s \\\‘\ e P fectly collinear configuration of magnetic moments at the
2r “\%\ | v v H=50kOe | lowest temperatures. However, we cannot exclude the possi-
of i‘; 9{ | - bility of a dynamical process associated with the relaxation
A ¢ of the magnetic field inducedFM—FM transformation,
which was noted in the dynamic measurements near the criti-

cal magnetic field. The zfc and fcM(T) branches become

identical to one another abovel0 K in 25 kOe and at all
FIG. 4. The zfc magnetization of polycrystalline &k, as a  temperatures in a 40 kOe magnetic field or above.

function of temperature at various dc magnetic fields, measured In order to illustrate the gradual changeNh(T) in vari-

during heating. ous magnetic fields and the underlying magnetic phase tran-

sitions and/or magnetic structure changes with temperature,

As shown in Fig. 2, in the magnetic field range frent2 ~ We show in Fig. 4 the zfdV(T) data of the thermally de-
to 16 kOe, the zfc and fo/(T) data display different fea- Magnetized Gglse, sample measured from4.5 to~180 K
tures. Compared to the cases with applied fields lower thafn heating in various magnetic fields. Not shown here is the
10 kOe(Fig. 1), the maximum magnetization value in each transition at~128 K (when H=0kOe) which is slightly
curve increases sharply in magnitude in this range of magshifted towards lower temperature with increasing magnetic
netic field. It is obvious that there are basically two types offield, i.e., it occurs at-126 K in 50 kOe. The low tempera-
transitions(from AFM to FM, and then fronFM to AFMon  ture portions of the zfcM(T) data display a bell-like
heating at low temperatures, besides th& M—PM tran-  anomaly in low magnetic fields, which gradually increases in
sition occurring at~128 K916 The AFM—FM transi- the amplitude with rising field in the range from 10 to 15
tion at the lowest temperature has also been verified by thkOe. The low temperature side of the anomaly indicates
initial zfc M(H) data(will be shown in the following sec- AFM—FM transition, and its high temperature side corre-
tion). The irreversibility between the zfc and k¢(T) curves  sponds toFM—AFM transition. Bell-like anomalies are
is maintained on heating up to the correspondiriyl centered at-17.5 K in magnetic fields below 15 kOe, but a
—AFM transition, the temperature of which increases withplateau around this temperature develops and gradually
increasing magnetic field. This behavior is different from thebroadens as magnetic field increases beyond 15 kOe. When
features observed at fields below 10 k@&y. 1), where the the magnetic field reaches 16—-18 kOe, the nearly symmetric
irreversibility disappears at a constant temperature coincidbell-like anomaly in the zfdV(T) curves evolves into a dis-
ing with the cusp at-17.5 K on heating. The cusp observed continuity on the low temperature side, followed by a
around 17.5 K in zfaVi(T) data is no longer seen in fd(T) gradual increase in the amplitude plus a plateau, while the
data when the applied magnetic field equals to or exceeds lHigh temperature side remains continuous in all magnetic
kOe. The changes in the irreversibility with respect to mag<ields. The discontinuity signals a metamagnetic transition
netic field are associated with the temperature-inducethduced by temperature variation at magnetic fields of 16 and
AFM—FM transition during field cooling in the magnetic 17 kOe.
field above 10 kOe and the appearance of a mixture of the To summarize the data presented in Figs. 1-4, the zfc
AFM and FM states in the temperature range frer8 to ~ M(T) behaviors in magnetic fields less thanl0 kOe sug-
~22 K after field-cooling the sample, as will be shown in thegest a re-arrangement of a compl&kM structure induced
next section. For the cases with magnetic field between 1By heating, which is manifested by a broad peak-a.5 K.
and 18 kOe, the zf&1(T) brancheqalso see Fig. 4, below The zfc M(T) data in magnetic fields between10 and
show a discontinuity at low temperature, which is dependent-19 kOe point to a different picture, i.e., upon heating there
upon the applied magnetic field, indicating that there is as anAFM—FM transition followed by &M — AFM mag-
metamagnetiAFM—FM transition triggered at a specific netic phase transition in a constant magnetic field. The zfc
magnetic field by varying temperature. M(T) data measured in fixed magnetic fields larger than 19

The zfc and fcM(T) data above 20 kOe exhibit features kOe reveal a magnetic phase transition fréil to AFM
different from those observed in low and medium magnetiaupon heating at temperatures betweeg5 and~55 K. In
fields, as shown in Fig. 3 for 25 and 40 kOe as typical zfcaddition, for H>19 kOe a subtle feature below 10 K,
and fcM(T) behaviors. At low temperatures, the compoundwhich may be associated with the temperature dependence of
is basically in the=M state when the magnetic field exceedsthe nearly collinear spin structure or with the time dependent
19 kOe, except for a subtle structure still observed at thenagnetization at the lowest temperatures in fields up to 35
lowest temperature in the zf (T) curves below~10K, as  kOe, is observed. Some thermal divergence between the zfc
shown in the inset of Fig. 3 for a magnetic field of 25 kOe.and fc M(T) data is noted below-35 kOe, which disap-
Recent x-ray diffraction studié% also revealed structural pears in higher magnetic fields.

T(K)
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= FIG. 7. Initial magnetization and the field-decreasing branches
% measured above 20 K. The data were taken after zero-field cooling
s from 180 to 4.2 K and then warming up to the temperatures of
measurement in zero field. The arrows indicate the magnetic field
change direction.

with temperature from-12 to~19 K, and Fig. 7 represents

magnetization measured at temperatures betwe2f and
FIG. 5. Initial magnetization and the field-decreasing branchegt> K. Above ~50 K, no magnetic field-induced transitions

measured at 4.9 and 5.9(#), and 7.8 and 9.7 Kb). The data were have been observed in the initisll(H) data in the magnetic

taken after zero-field cooling from 180 to 4.2 K and then warmingfield below 56 kOe. Comparing these three figures, it is ob-
up to the temperatures of measurement in zero field. The arrowgious that the magnetization behavior is different in each of

H (kOe)

indicate the magnetic field change direction. the three ranges of temperature. BelevB K, as shown in
Fig. 5, a discontinuous metamagnetic transition occurs, with
ISOTHERMAL MAGNETIZATION,  M(H) a critical magnetic field decreasing from18 kOe at 4.5 K

) ) ) to ~14 kOe at~8.0 K. Furthermore, two components in

In order to clarify the magnetic states at different temperaM(H) curves are clearly seen during the transition from
tures and fields, we carried out measurements of the isothefg to FM state in this temperature range. A possible model
mal magnetization under various conditions. The initial Mmag+,, these behaviors is as follows: A sharp discontinuity,
netization data and the corresponding field-decreasing hich may be due to a metamagnetic transition, followed by
branches at different temperatures are shown in Figs. 5—7 coniinyous moment rotation process, i.e., the further align-
Each curve was obtained by measuring the polycrystalling,eny of spins with increasing magnetic field beyond the criti-
Gd;Ge, sample in the virgin state after zero-field cooling .| yajye. These two kinds of events are schematically shown

from the paramagnetic region. Figure 5 shows the data gh rig. g, as a discontinuous metamagnetization process
temperatures between 4.9 and 0 K, Fig. 6 is for the cases

24| Gd,Ge, ] H *
- —e— T=119K H *
< g} ——— T=157K ]
E —— T=174K o =t
= —— T=189K

ol ] H<Hy  H2H H<Hsr Her<H<He H>He

sk ]

(a) (b)
ez \
oar " 20 30 FIG. 8. The schematic diagram of the two types of the magne-

tization process in aAFM system:(a) The discontinuous metamag-

netic transition, andb) the continuous rotation of magnetic mo-
FIG. 6. Initial magnetization and the field-decreasing branchesnents. In the former case, there exists only one critical magnetic

measured between 10 and 20 K. The data were taken after zero-fieletld, but there are two critical magnetic field values in the latter

cooling from 180 to 4.2 K and then warming up to the temperaturesase and the transition begins at a field abblyg and ends at a

of measurement in zero field. The arrows indicate the magnetic fieldhagnetic field abovél.,, betweenH.; andH, there is a mixed

change direction. state of field inducedM and AFM phases.

H (kOe)
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36 increasing magnetization unlike the discontinuous behavior
20 of M(H) below~10 K. The hysteresis existing between the
field-increasing and the field-decreasing branches shows no
5% coercivity and confirms the first-order nature of the magnetic
“jin 18 field inducedAFM—FM transition. At a temperature above
s i ~12 K, the field-decreasing branch gradually deviates from
f the pureFM behavior and begins to display a step-behavior
6 (see the low-field portion on the field-decreasing branches of

Fig. 6), which indicates a mixture oAFM andFM states in
this temperature range—<(12—~ 22 K) upon the removal of
the magnetic field. Therefore, the-M«—FM transitions in
the temperature range ef 12— 22 K become patrtially re-
versible, as was concluded earfer.

Above ~22 K, the magnetic field inducedFM—FM
transition and the hysteresis between AtfeM—FM transi-
tion and the reversEM — AFM transition remain, but shift
to higher magnetic field with increasing temperature. The

(b) AFM—FM transitions become completely reversible but

‘ . . with a hysteresis of-10 kOe for each temperature in this

30 40 50 60 range. Unlike the behavior observed belev22 K, where
H (kOe) the magnetization is dependent upon the previous magneti-
zation history, theM (H) behavior is completely repeatable
for each temperature above22 K when magnetic field is

M (ug/f.u.)

FIG. 9. Magnetization daté(H) and the corresponding field-

decreasing branches of polycrystalline;G&, measured at various

temperatures after the sample was magnetized at 4.5 K using a %;led'dconsu.j?rm% tlhe Irge‘\(/erSItz;“.ty of th.elmagnng:.I.ﬂeld
kOe magnetic field and then warmed in zero magnetic field up tdhauce transition below- » and its partial reversibility

the measurement temperatute} Temperature betweer 4.5 and between~8 a_nd 722 K, we conclude that th&FM state
~10K; (b) temperatures between 13 and~20 K. The arrows above~22 K is different from that observed below8 K.

indicate the magnetic field change direction. In fact, the magnetic field inducedlFM«— FM transitions in
Gd;Ge above~22 K is quite similar to that oAFM«—FM

[Fig. 8@1'"*®and a continuous spin rotatigfig. 8b)],1"°  transformation reported in the G8iy,Ge;¢ (Ref. 3 com-

respectively. In GelGe,, for example, the latter component pound and the magnetic field inducBd— FM transitions

in the virginM (H) data persists from-18 to~35 kOe field  reported in the GgSi,Ge, compound:’ The critical fields

at 4.9 K and from~16 to ~24 kOe at 7.8 K. The relative corresponding to thAFM—FM transition increase with

contribution of these two components to the magnetizationincreasing temperature in this range, which is understandable

value changes systematically, i.e., the metamagnetic discoby considering that the Gibbs free energy difference between

tinuity becomes less evident and the continuous moment rahe two states increases with increasing temperature and the

tation becomes more prominent, and finally dominates withiransformation from one state to another requires a higher

increasing temperature t69.7 K. static magnetic energyu(pMH) to overcome the free energy
Assuming that the magnetic structure of Ga, at low  difference®®
temperatures may be similar to that observed igGdg, >4 The magnetic field induce®&M interactions arise from

a gradual transformation from metamagnetism to continuou#\FM state due to the sign reversal of the magnetic exchange
moment rotation indicates a complex temperature deperparameted,. This sign reversal is likely related to the mag-
dence of the magnetic structure. Additionally, there is a disnetic field induced structural change. In this compound, the
tinct hysteresis between the field-increasing and fieldFM interactions, which are induced by the application of
decreasing branches bf(H) data but with zero coercivity. magnetic field, are weak. Hence, the system can be trans-
After being magnetized and when the magnetic field is reformed back to theAFM state by removal of the magnetic
duced to zero at a temperature belevB K, the system re- field at temperatures above22 K or by elevating tempera-
mains ferromagnetic indefinitely provided the temperaturgure after the field has been removed. The complete or partial
remains constant or remains below 8 K. This is easily derecovery of theAFM state from the field-induceBM state
rived from a second magnetization process following the firsby the removal of magnetic field has been noted above by the
demagnetization branch, as seen in the inset of Fay, hus  corresponding field-decreasing branchesMi{H) data at
confirming the irreversible nature of tleFM—FM mag- temperatures above 12 K (Figs. 6 and Y. To better under-
netic phase transition in this temperature range. stand the interplay between th®&1 andAFM states, we stud-

As shown in Fig. 6, the magnetic field inducéd-M ied the temperature dependence of &fM state recovered
—FM transition in the thermally demagnetized {&&,  from the magnetic field induceBlM state. Shown in Fig. 9
sample has a nearly constant critical field value ofare theM(H) curves measured at various temperatures after
~10.5 kOe in the temperature range froall2 to ~22 K.  the thermally demagnetized sample was magnetized at 4.5 K
The M (H) data in this temperature range exhibit a graduallyusing a 56 kOe magnetic field and then warmed up to the
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FIG. 10. Temperature dependence of the amount of the residual FIG. 11. The heat capacity of polycrystalline §&e, as a func-
FM phase in the polycrystalline G8e, sample after initial mag- o of temperature measured in magnetic fields of 0, 20, and 50

netization at 4.5 K. Th&M content was evaluated from thé(H) e after cooling the sample in zero field. The heat capacity data
data at the individual temperatures by extrapolating the correspondya,e taken on heating.

ing low magnetic field steps to the 56 kOe field and computing a

ratio to the magnetization value of sample at 56 kOe field. The solldresidual FM state in the GglGe, sample which was pre-

circles are the experimental data, the broken line is the guide for the .
eye, and the solid line is the least squares fit to the experimentzglgﬁﬂnetlzed.atf E}I lower temge;ature.hAbf(_)V%Z_Li(Bj K’&Tﬂe
data in the range of 9—21 K. state Is fully recovered from the field-induc

state.

temperature of measurement in zero field. The lowest tem-
perature dat#4.6 K) in Fig. 9a) confirm the previously re-
ported results: The inducedM state remains stable in zero  Figure 11 shows the heat capacity as a function of tem-
magnetic field at this temperature. The sample remains feperature in magnetic fields of zero, 20, and 50 kOe, mea-
romagnetic when warmed up to a temperature as high as 8 Bured on heating after zero field cooling the sample. Consis-
in zero magnetic field. However, when the measurementent with dc magnetization behavior, tkk(T) data in zero
temperature is increased t010 K or above, a distinguish- magnetic field show no distinct anomalies associated with
able step-behavior in thel (H) data indicates that a fraction any phase transitions at low temperatures, except for the
of the field inducedFM phase has been thermally trans- \-type peak at~128 K corresponding to th&FM—PM
formed back to théFM state. The amount of the remaining transition. A similar behavior holds for the cases with an
FM phase is dependent upon temperature and it decreasepplied magnetic field lower than 10 kOe. This result con-
with increasing temperature in the range from 10 to 20 K, adirms that there are no obvious phase transitions below
clearly seen in Fig. @) from the gradually decreasing am- ~128 K in a magnetic field smaller than 10 kOe. When
plitude of the first step in th&1(H) data. magnetic field equals or exceeds 20 kOe, however, a sharp
Figure 10 shows quantitatively the temperature depenpeak in theC,(T) data develops at low temperatures, in
dence of the residu&M phase in the Gff5e, compound as addition to thex-type anomaly at-128 K. The sharp peak
a function of temperature after being initially magnetized atshifts towards higher temperatures-80 K in 20 kOe to
4.5 K. The amount of the residu&M phase was evaluated ~48 K in 50 kOg, while the \-type anomaly at-128 K,
from the M (H) data by employing a method similar to that which is observed in zero field, shifts towards lower tem-
described by Levinetal? Below ~8.6K, the pre- peratures with increasing magnetic field. The sharp peak on
magnetized Ggl5e, sample remains in th&M state. The the C,(T) data manifests a temperature induced first-order
AFM state is recovered from the magnetic field indué&d  phase transition from thEM state at low temperatures to the
state in a linear fashion between8.6 and~21.3 K, as in- AFM state at higher temperatures. The behavior of heat ca-
dicated by the solid line in Fig. 10. The concentration ofpacity in magnetic fields between 10 and 20 kOe is quite
residualFM phase can be determined frofiT)=100-7.9 complex and analysis of the data will be published elsewhere
X (T-8.6) between 8.6 and 21.3 K, wheféT) is weight  when it is completed.
percent of theFM phase andr is temperature. This partial Considering the heat capacity below25 K in zero mag-
transformation process betweBRM andFM is fully repeat-  netic field, its values are larger when compared to the data
able at each temperature in this range, regardless of the prebserved in 20 and 50 kOe magnetic fields, as is easily rec-
vious magnetization history. In other words, the second, th@gnizable in Fig. 11. This enhancement is consistent with the
third and additional applications of the magnetic field at con-cusp in dc magnetization observed-ai7.5 K in low mag-
stant temperature follow the first magnetization and demagpetic fields(see Figs. 1 and)4 As shown in Fig. 12, the
netization path shown in Fig. 9. Therefore, as demonstratedifference between th€/T values in zero field and thé/T
in Fig. 10, the partially recovereAFM state exists in the values in an applied magnetic field (20 and 50 kOgex-
temperature range from 8.6 to ~21.3 K together with the hibits broad peaks at17.5 K, i.e., at the same temperature

Heat capacity
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FIG. 12. The temperature dependence of @& difference § 60 I * :‘wse"“;“"':“"(;':““’da‘a o |
) . . g = —— Tpenrws ata .
between the zero field case and the cases with magnetic fields of 20 T iy ™ c‘:(% data
and 50 kOe, respectively. 20k —O— Hypor AFM-FM, M(H) data ]
. ) L AFM-1
as the cusp observed in the low-field dc magnetization data. AFM-1 + FM
Con5|der|ng that Gd is aB-state ion, the I|kely origin pf the' o 20 40  e0 8 100 120 140
heat capacity anomaly shown here is a spin re-orientation, T (K)

e.g., from an easy plane anisotropy to an easy-axis anisot-

ropy, or from an easy-cone anisotropy to an easy-axis anisot- FIG. 13. The refinecH-T phase diagrams for polycrystalline
ropy. However, this anomaly can also be due to a variation o6&Ge,. The critical magnetic field values derived from(H)
canting angle assuming a complex magnetic structure of theata are the onset values of the transition frafiM to FM state
material and its dependence on temperature in weak ma@l.uring the magnetic field increasing, the critical temperature data
netic fields. The magnetization data on single cryStaFrom heat capacity, or thermal magnetization data were taken on
GdsGe,, which were obtained by Leviet al,?! are helpful ~ heating.(@) Thermally demagnetized sample afl) the sample

since they may give a more detailed account about the origiff@gnetized by a magnetic field of 56 kOe and after reducing the
of this anomaly. magnetic field to zero at 4.5 K.

~8.6 and~21.3 K, and there is only one magnetic field
inducedFM state existing at temperatures belev8.6 K.

Based on the experimental results presented above, the In order to interpret the observed magnetic anomalies, we
corresponding critical fields and/or critical temperatures campropose a scenario where £§&k, adopts a complex canted
be utilized to construct the refinddl-T magnetic phase dia- AFM structure at low temperature. The actual spin structure
gram for G4Ge, (see Fig. 13 Figure 13a) is for the initial ~ varies as a function of temperature, and assuming a possible
magnetization of the thermally demagnetized sample, andimilarity of the magnetic structure of G@e, with that of
Fig. 13b) is for the sample pre-magnetized at 4.5 K by aTb:Ge,,*>'* spin canting disappears with increasing tem-
magnetic field of 56 kOe. Taking into account the nature ofperature. For example, below8 K as shown in Fig. 5, with
the AFM states at different temperatures, theT phase dia- the application of the magnetic field higher than a critical
gram shown in Fig. 1@) represents a revision of that pub- value the magnetic moments align along the direction of the
lished recently by Leviret al® It emphasizes that the initial magnetic field vectovia a metamagnetic process, and then
AFM state at the lowest temperature, which is labeled ashe canting is gradually eliminated as Gd-moments approach
AFM-2, is different from the high temperatuFM state  collinearly with further increasing magnetic field. At a tem-
between~21.3 and~ 128 K, which is denoted a8FM-1. perature above- 8 K [Figs. §b), 6, and 1, the discontinuous
The mixture ofAFM-1 andAFM-2 phases between8.6 and  magnetization disappears due to the evolution of a different
~21.3 K is responsible for the temperature independence ahagnetic structure with varying temperature.
the critical magnetic field in this temperature range. Both Similar to the silicon-containing alloys in the
AFM states can be transformed into th& state by the Gds(Si,Ge,_,), family, 2% there is a martensitic-like
application of a magnetic field. The transition frékfM-2 to  magnetic-structural transition in the Ggle, compound-? It
FM, induced by field, is irreversible, and the critical field may be triggered by varying temperature at a constant mag-
decreases with increasing temperature, reackid@ kOe at  netic field, which exceeds a critical value, or by varying
~8.6 K. However, the transition frolMAFM-1 to FM is re-  magnetic field at a constant temperature over a certain range
versible but with a hysteresis of 10 kOe, and the critical of temperatures. In the frame of this knowledge, both the
field increases with increasing temperature, beginning fronkM —AFM-1 andAFM-2—FM transitions can be under-
~10 kOe at~21.3 K. The sample pre-magnetized at 4.5 K,stood as the transitions between the ferromagnetic
which behaves different from the thermally demagnetizedsd;Si,-type orthorhombic structure and two different anti-
sample, exhibits a mixture &fM and AFM-1 states between ferromagnetic orthorhombic SyBe,-type structures. These

DISCUSSION
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transitions are first-order type and may occur reversibly withGe—Ge covalent-like bonds between layers. Therefore, the
hysteresigat high temperature®r irreversibly(at low tem-  coupling between Gd ions within the slabs may be different
peratures Different from other known cases in this series, from that between the slabs. As a result, Gd spins may be
the martensitic-like transition in G&e, triggered by tem- coupled ferromagnetically within the layers and antiferro-
perature can only be observed in magnetic fields above magnetically between the layers. The assumption of the com-
certain value. In zero magnetic field, no temperature induceglex cantedAFM magnetic structure of Ge,, however,
magnetic-structural transition occurs in the titled material. needs further experimental verification by neutron diffraction

Both the cusp at-17.5 K and the thermal irreversibility using high energy neutron source in order to reduce the ab-
observed~17.5 K in the low field magnetic data may have sorption cross section of the naturally occurring mixture of
two possible contributions. First, they may be attributed toGd isotopeg*2°
possible pre-martensitic phenomena recalling that there is a
transformation of the Sp®Ge,-type orthorhombic structure
(low field) into the GdSi,-type orthorhombic structur@igh
field).!2 Second, these anomalies may be purely magnetic in In the present investigation, the isothermal magnetization
nature, i.e., magnetic structure change occurs with varyingpehavior, thermal magnetic properties, and the heat capacity
temperature, as has been reported for several other Ghave been measured on the polycrystalling@s] alloy as a
containing alloy&*~**based on the results of neutron diffrac- function of temperature and magnetic field under various
tion experiments. Another mechanism is the possibility of aconditions. The magnetic field induc&kFM«—FM transi-
spin reorientation transition, e.g., from an antiferromagnetions, the metamagnetic behavior, and the two-component
with a uniaxial anisotropy below the cusp to an antiferro-magnetization behavior have been observed in the zero-field-
magnet with an easy plane anisotropy or easy cone anisotooling initial M(H) curves. The cusp in the zfM(T)
ropy above the cusp. curves in magnetic fields below 10 kOe, and thermal mag-

It is worth noting that the magnetization behavior, shownnetic irreversibility between the zfc and fc d¢(T) curves
in Fig. 9 and quantified in Fig. 10, indicates the heterogein various magnetic fields have been observed bel®0 K.
neous nature of G&e, compound in the temperature range Moreover, taking into account both the reversible and irre-
from ~8.6 to ~21.3 K, i.e., the partially recoveredlFM-1  versible nature of the relatedFM«—FM transitions, the
and the residudfM states co-exist in zero magnetic field and refinedH-T magnetic phase diagrams have been constructed
in fields lower than the corresponding critical values of thefor the material in the thermally demagnetized and in the
AFM—FM transition. The gradually increasing amount of pre-magnetized states. In order to interpret the observed
the AFM-1 phase(with increasing temperaturelso indi-  magnetic anomalies in the @de, compound, an assump-
rectly supports the assumption about the heterogeneity of thition has been made that at low temperatures there is a com-
virgin sample, as highlighted in thid-T phase diagram in plex canted antiferromagnetic structure, and it shows com-
Fig. 13a). Unlike the magnetic field induced co-existence of plex temperature dependence. A martensitic-like structural
the FM and AFM-1 states, the co-existind\FM-1 and transition, which is driven by temperature when the magnetic
AFM-2 states retain the same crystal structtire. field exceeds a certain value-(LO kOe), or by magnetic

The heterogeneity of magnetic structures is related to théeld variation above~20 K, plays a role in the observed
complex crystallography of the material. As is well known, unusual sequence of magnetic phases.
the compound Ggf5e, possesses the Sfe,-type ortho-
rhombic structure at room temperattravith lattice param-
etersa=7.6968(5) A, b=14.831(1) A, c=7.7851(5) A.
There are three nonequivalent sites for Gd ions: Gd1 @) 4( This manuscript has been authored by lowa State Univer-
Gd2 in 8(d), and Gd3 in 8¢), and three nonequivalent sites sity of Science and Technology under Contract No. W-7405-
for Ge atoms: Gel in 4), Ge2 in 4¢) and Ge3in 8¢), in  ENG-82 with the U.S. Department of Energy. This work was
the unit cell. Furthermore, in this naturally layered crystalsupported by the Office of Basic Energy Sciences, Materials
structure, the layers remain unlinkgdot connected by  Science Division, U.S. Department of Energy.
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