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We report on structural, magnetic, electrical, and thermodynamic properties of Gd-doped 4 avige
crystals for Gd doping levels€9x=<1. At room temperature, for all doping levels the orthorhombic O’ phase
is indicative of a strong Jahn-Teller distortion. All compositions are insulating. The magnetism of
La;,GdMnO; is dominated by the relatively strong MAaO—Mn superexchange. For increasing Gd doping,
the weakening of the nearest-neighbor exchange interactions due to the significant decrease of the
Mn—O—Mn bond angles leads to the continuous suppression of the magnetic phase-transition temperature
into the A-type antiferromagnetic low-temperature phase. The temperature dependence of the magnetization
can only be explained assuming canting of the manganese spins. The magnetic moments of Gd are weakly
antiferromagnetically coupled within the sublattice and are antiferromagnetically coupled to the Mn moments.
For intermediate concentrations compensation points are found, below which the spontaneous magnetization
becomes negative. In pure GdMa@he Mn spins undergo a transition into a complex, probably incommen-
surate magnetic structure at 41.5 K, followed by a further ordering transition at 18—20 K revealing weak
ferromagnetism due to canting and finally by the onset of magnetic order in the Gd sublattice at 6.5 K. At the
lowest temperatures and low external fields, both magnetic sublattices reveal a canted structure with antipar-
allel ferromagnetic components.
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I. INTRODUCTION Mn—O—Mn bond angles are reduced resulting in a strong
suppression of the antiferromagneti@FM) ordering tem-
Since exactly one decade ago, stimulated by the observgerature of the Mn subsystem, from 140 K for LaMn
tion of colossal magnetoresistance effects by von Heleiolt 40 K for ToMnO; and the corresponding transformation of
al.l and Chahareet al? the physics of doped manganesethe Mn magnetic structure from an antiferromagnetic layer
perovskites is in the focus of solid-state research. The enoA-type ordering with a weak ferromagnetisi,F,) (La, Pr,
mous progress in this field is documented in recent reviewNd)’ to an incommensurate sinusoidal struct(ifb).® At the
articles by Coey, Viret, and von MolndrNagaev! and  same time, the Jahn-Tell€¢dT) transition, i.e., the orbital-
Salomon and Jaimeln addition to their technological po- order transition, which is well below 1000 K in LaMnQis
tential, the manganites also represent an enormous and fashifted to values of almost 1500 K in TbMp@’ However,
cinating playground for basic solid-state research: unconverstrong hysteresis effects, domain reorientation, history de-
tional and exotic ground states are established via thgendence, oxygen diffusion, and oxidation processes do not
competing interplay of the internal degrees of freedom, likeallow a precise determination of the JT transition
spin, orbital momentum, charge, as well as lattice degrees aémperature&®
freedom® The magnetic moments of the rare-earth ions are polar-
In this communication we report on structural details, onized due to the coupling with the Mn subsystem resulting in
susceptibility, magnetization, and heat capacity of singlea noticeable anisotropic contribution to the low-temperature
crystalline Lg_,GdMnO; and, hence, our focus is directed magnetic and thermodynamic properties of the manganites as
toward the isovalent doping of the A-site RMnOs, with R we have recently reported for PrMg@nd NdMnQ.'* The
denoting the rare-earth elements lanthan(#ff) or gado-  coupling within the rare-earth sublattice is antiferromagnetic
linium (4f"). From a general point of view, the rare-earth and rather weak. In many cases the rare-earth moments do
manganites can be grouped into two classes: the compoundst exhibit long-range magnetic ordéand if they do, the
from La to Dy (with the exception of Ce and Pmcharac- ordering temperatures are below 10. Khe magnetic struc-
terized by larger ionic radii, reveal an orthorhombic ture in the rare-earth manganites can be rather complex, as it
perovskite-derived structure, while the compounds from Hdhas been recognized already, a long time ago. In ToMnO
to Lu crystallize in a hexagonal structure, not related to theQuezelet al® found a sine-wave ordering of the NMnmo-
perovskites. Focusing on the first group, when going from ments with the ordering wave vector along thexis below
La to Dy manganite, the tolerance factor decreases with thd0 K and a short-range incommensurate ordering of th& Tb
decrease of ionic radii and the buckling and tilting of themoments with a different wave vector below 7 K. Similar
ideal cubic structure becomes strongeZonsequently, the magnetic structures were also observed in orthorhombic
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Il. EXPERIMENTAL DETAILS

La;,GdMnO; single crystals were grown in Ar flow by a
floating-zone method with radiation heating for Gd concen-
trationsx=0, 0.25, 0.5, 0.75 and 1. X-ray powder-diffraction
experiments were performed on powder of crushed single
crystals at room temperature with a STOE diffractometer uti-
lizing Cu-K, radiation with a wave lengtih=0.1541 nm.
The magnetic susceptibility and the magnetization were re-
corded using a commercial SQUID magnetometer for tem-
peraturesT<400 K and external magnetic fields up to
50 kOe. The electrical resistance has been measured using
standard four-probe techniques in van-der-Pauw geoffetry
in home-built cryostats from 1.5 K to room temperature and
in bar-type geometry in a home-built oven up to 1200 K. The

e specific heat was recorded in a home-built equipment using
Q . ] ac methods for temperaturds<200 K and external mag-
S5k . N netic fields up to 140 kOe.

0.00 0.25 0.50 0.75 1.00 The samples withkx=1 and 0.75 revealed a strong mag-

x (Gd) netic anisotropy with the easy direction of magnetization
_ along thec-axis. Thex=0.5 and 0.25 samples exhibited a
FIG. 1. Lattice constants, b, andc/y2 (upper framg volume  \yeaker anisotropy probably due to the twin structure, result-
of the unit cell(middle frame, and in-plane MrR—O—Mn bond  jnq jn an appearance of a spontaneous magnetization not
angle¢ in La,,GdMnO; versus Gd concentratian only in the easy direction but also in a hard one. The data
shown below, except a few ones for pure GdMn@Corre-

1213 _ _ . spond to the measurements along the easy direction.
HoMnO,.~<+° Metamagnetic behavior has been detected in

the Gd, Tb, and Dy compound$.

Turning now SpeCificaIIy to GdMnQ it has first been IIl. RESULTS AND DISCUSSION
synthesized by Bertaut and Foffaand by Belov, Zaitseva,
and Ped’ko®® The magnetic properties of pure GdMgO From X-ray diffraction all samples investigated revealed
were studied and have been reported previously by Troyarie O’ orthorhombic structuré®bnm, JT distorted, see, e.g.,
chuk et al It was speculated that GdMnQundergoes a Ref. 21 for the canonical convention of the structural nomen-
smeared-out phase transition into a complex magnetic ord&ature. No impurity phases were detected above back-

of the manganese sublattice below 40 K with the Gd sublatground level. _The diffrac_tion patterns were refined using Ri-
tice antiferromagnetically ordered with respect to the Mnetveld analysis. The lattice constants and the volume of the

moments and that antiferromagnetic order within the Gd subEjnlt cell as derived from the profile analysis are shown in

lattice takes place below 6 K. In addition, a metamagneti%':'g' L Fo_r al concentrations we firted a>C/V_2 indicative
. . ) or a static JT distortion superposed to the high-temperature
transition has been observed in external fields of 5 KOe

. i - O-type (i.e., not JT distorted orthorhombic structure that
Based on susceptibility and Mdssbauer results, Zukroeski results from the buckling and tilting of the Mr®ctahedra
al.'” concluded that the Mn moments order at 40 K, while

) | T ~"~due to geometrical constraints. On increasing Gd concentra-
long-range magnetic order in the Gd sublattice is establlsheﬁion, the lattice constanta and ¢ are slightly decreasing,

below 20 K. Very recently several contributions concemingyhile b increases continuously. From this observation some
pure perovskitic rare-earth manganitgsontaining pure  remarkable structural details can be deduced: The parameter
LaMnO; and GdMn@) were published studying the interre- ¢=(b-a)/(a+b) characterizes the orthorhombic distortion.
lation between structural constraints and the magnetic angthis distortion is continuously increasing on Gd doping due
orbital structures. Both, Néel and orbifdT) transition sys-  to the substitution of La ions by the smaller Gd. In addition,
tematically depend on the in-plane MAO—Mn bond  the increasing inequality of the lattice constaatsndb with
angle ¢. The findings are interpreted in terms of spinincreasingx signals an increasing tilting of the octahedra
frustratiort® and orbital order-disorder transitiof. around theb-axis and implies significant deviations of the
In this work we provide a detailed study of the structural, Mn—O—Mn bond angles within the ab-plane from 180°.
magnetic, and electrical properties of Lgi5dMnO;. We  In the lowest frame of Fig. 1 we illustrate the concentration
use this system as a systematic variation of thedependence of the in-plane MARO—Mn bond angle¢ as
Mn—O—Mn angle and relate it to the development of the estimated from the Rietveld refinement of the X-ray powder
complex magnetic groundstates. In addition, we providedata?’> The G-type orbital order of LaMn©determines the
heat-capacity results for GAMn@s function of temperature magnetic superexchange interactions between the Mn spins.
and field to unravel the complex sequence of magnetic phasehe alteration of the orbital configuration via the
transitions in this compound and to derive a detailedMn—O—Mn bond angle should influence the magnetic
(H,T)-phase diagram. properties of the spin system. According to the Kanamori-
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FIG. 3. (Color onling Inverse dc susceptibilityy=M/H) ver-

FIG. 2. (Color online Temperature dependence of the resistivity SUS temperature as measured in an external magnetic field of 10 Oe.
in La;_,GdMnO; for various compounds plotted in an Arrhenius The solid lines through the data fge0, 0.25, 0.5, and 0.75 repre-
representation(The x=1 curve is shifted for better clarityThe sent fits to Curie-Weiss laws. The solid line through the datacfor
solid lines at high temperatures represent Arrhenius fits indicating & 1 indicates the result of a fit taking into account two magnetic
purely activated type of behavior of the charge carriers. The dashedHblattices coupled ferrimagnetically.
lines at low temperatures represent variable-range-hopping Condugbserved.

e low 150 K, three-
tivity. Inset: Resistivity above 400 K. In a temperature range belo 50 three

dimensional variable-range hopping following dn
= (To/T)?, with values of T, of the order of 5<10° K for
Goodenough rulesassuming 180° bond angleshe semi-  5=1/4, values typically observed in manganifédt has to
covalent orientation of the; orbitals within theab-plane  be stated that in the examined temperature range accessible
leads to ferromagnetid=M) superexchange interactions, the below 150 K(limited by the upper value of the measurable
covalent orientation of these orbitals aloaglirection leads  impedance rangesimilar good fitting results can be achieved
to AFM superexchang® This results in the well-known using an exponent of 1/2 indicating the opening of a Cou-
A-type AFM order with FMab-planes coupled antiferromag- lomb gap and, therefore, no final conclusions on the influ-
netically along thec-axis. The deviation of the in-plane ence of correlation effects on the hopping mechanisms can
Mn—O—Mn bond angles from 180° will weaken the FM be drawn from this work® However, from the resistivity
interactions within theab-planes, but will not alter the AFM  results it seems that the electron-band structure is not altered
coupling alongc. The paramagnetic CW temperatufeis  significantly upon Gd doping. Hence, the JT-ordering tem-
determined by the sum of FM in-plane interactions and AFMperature is only influenced by the local lattice distortions of
coupling alongc. Concomitantly we expect a decrease of thethe oxygen octahedron due to geometrical constraints. And
Néel temperature for the manganese sublattice, determineddeed, for pure LaMn@the JT transition has been reported
by the sum of the absolute values of the different interacto occur atT;;=750 K726 while it is shifted to 950 K in
tions. pure PrMnQ.?” The inset of Fig. 2 shows resistivity data for
The ratioc/a<2 (see Fig. 1 almost remains constant. the pure compounds LaMnCand GdMnQ and the mixed
This indicates the absence of qualitative differences concerrcompound LgsGdysMnO; in a temperature range from
ing the driving force of the JT distortion in all the com- 400 to 1200 K. In LaMnQ (triangles dowip the JT transi-
pounds investigated. The reason is that the substitution afon can clearly be seen as a sharp jump in the resistivity
isovalent Gd* for La®* gives Mr?* in an octahedral environ- curve. In GdAMnQ no such feature can be detected demon-
ment for all Gd concentrations, with one electron in the strating that the JT transition occurs even aboVe
upper g doublet of the 8 manifold, which is JT active. As a =~1200 K. The increase of the JT-transition temperature with
consequence the transport properties do not change their idecreasing Ma—O—Mn bond angle is in accordance with
sulating characteristics for all Gd concentrations. Figure Zecent studie&®1°
shows the resistivity for the pure compounds andxe0.5 Figure 3 shows the inverse magnetic susceptibilities for
in an Arrhenius representation. All samples show insulatingall concentrations investigated. At elevated temperatures all
behavior with a relatively high room-temperature resistivity susceptibilities follow a Curie-Weis€CW) law. The Curie
of =3 kQcm (again demonstrating the good sample stoichi-constant is increasing due to the increasing contribution of
ometry). At high temperatures the resistance of all sampleshe rare-earth momentGd®*: spin-only, S=7/2). As ex-
can be described by a simple thermally activated behaviopected due to the decreasing bond angtee Fig. 1 be-
indicated by straight solid lines in Fig. 2. The energy barriersween neighboring Mn ion@Vin®*: high-spin,S=2) the Néel
are of the order of 0.2—0.25 eV, not systematically dependtemperaturesTy, are significantly decreasing. The depen-
ing on concentration. At low temperatures significant devia-dence ofTy on the Mn—O—Mn bond angle fits well with
tions from an Arrhenius type of resistance behavior can behe findings of Kimuraet al® for otherRMnO5; compounds.
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* L data were recorded on cooling from room temperature in an exter-
6 nal magnetic field of 10 Oe. The solid line represents a fit that takes
. ' ' i into account the paramagnetic contribution of the Gd subsystem
0.00 0.25 0.50 0.75 1.00 polarized by th_e internal field of the_ manganese moments due to
X(Gd) Gd—Mn coupling. Inset: Data and fit fax=0.75 on an enlarged
scale.

FIG. 4. Concentration dependencies of the parameters as ol jiteraturel® The decreasing importance of the dominating
tained from the analysis of the susceptibility measurements: Né%rromagnetic in-plane exchange enhances the influence of
temperatures(asterixes: upper frame CW temperaturesopen  the AF next nearest-neighbor exchange in dfeplane and
rhombs: middle framg and paramagnetic momertsolid circles:  promotes a change of the spin structure for the Mn sublattice,
!ower frame. The so_lld line through the conc_entratlon dependenc_eas will be discussed later for pure GdMgQHowever, the
is a fit as described in the text. The dashed lines are drawn to gu'dﬁaramagnetic moments can well be approximated assuming
the eye. 1244l (9s)?=X X Soo(Saq* 1)+ Sun(Sun+ 1) (solid line in the
As we will show in the following, with the exception of pure lower frame of Fig. 4.

GdMnO,, no phase transition into a long-range AFM order ~ Figure 5 provides a closer look on the magnetization of
of the Gd moments can be detected in the temperature rangé.«GdMnO; for concentration=0.25, 0.5, and 0.75 as
investigated. The concentration dependencies of the effectivi@@easured in fields of 10 Oe. At the magnetic ordering tem-
moments(lower framg, the CW temperature® (middle perature we observe a spontaneous ferromagnetic moment
frame, and the magnetic transition temperaturegper that results from canting of the manganese spins. For the
frame) are shown in Fig. 4. The onset of A-type AFM order compounds with Gd concentratiors 0.25, 0.5, and 0.75 we

at Tc, for the doped compounds is well indicated via thefind clear indications for compensation points, the tempera-
observation of a ferromagnetic component, due to spin canture of which increases on increasimng Via the antiferro-

ing (see latey.?8 As stated aboveél -, continuously decreases magnetic coupling of the Gd spins to the manganese mo-
from 140 K in LaMnQ; to =20 K in GdMnG,. But in the  ments, the Gd spins are polarized antiparallel with respect to
pure Gd compound additional magnetic transitions into arthe FM component of the manganese spins, which can be
incommensurate phase aroufig =40 K and into an AFM  explained by Dzyaloshinsky-Moriya interaction and is an in-
order of the Gd moments can be detected by dc- and adrinsic feature of the A-type AFM state RMnOj; systemg8
susceptibility measurements, as well as by heat-capacity e)Vith decreasing temperatures, the Gd spins are more and
periments, which will be discussed later. The positive CWmore aligned in the exchange field of the manganese mo-
temperatured of pure LaMnQ, which is an A-type antifer- ments, following a Curie-type temperature dependence and
romagnet below 140 K, signals the importance of the ferrofinally yielding a negative magnetization at the lowest tem-
magnetic in-plane super-exchange interactiofscontinu-  peratures, when the polarization of the Gd spins exceeds the
ously decreases with increasing Gd concentration. It iM component of the Mn moments. The solid line in the
interesting to note that the CW temperatures become neginset of Fig. 5 shows that the negative magnetizabian

tive for Gd concentrationg=0.5. This signals the decreas- well be approximated byM=My,+ (Hiy+Hex) X Cod/T,

ing importance of the ferromagnetic in-plane exchange omwhere the spontaneous magnetizathdgy,, and the internal
increasingx. As already discussed above, the concentrationfield H;,; result from the Mn moments and the external field
dependent decrease df., is related to the decreasing is Hey=10 Oe.(Note thatMy,, was used as a fitting param-
Mn—O—Mn bond angles altering the orbital overlap. Ob- eter and considered to be constant well belyy.) Cgq IS
viously this effect influences, particularly, the FM superex-the Curie constant of the Gd moments. The best fit was ob-
change interactions within the-plane, as already suggested tained using an internal magnetic field of the order of 8 kOe

024414-4



COMPLEX INTERPLAY OF 31 AND 4f MAGNETISM IN... PHYSICAL REVIEW B 70, 024414(2004

I A ! T T T [ T T T T T T
2 La,,Gd, ,MnO,
500 - % .
Mn 10" F
7 T E
3 (a) N
E /\ &{ vvvvvvvvvvavv l =)
3 0 NS kA A S 10° L
S A 3 :
2 AL £ 3
= v AAAAAAAA o F
= [
©) &~ 2
-500 |- y 10°F
Y ;
v
Y
| Y 1 N 1 L
0 50 100 il P |
T (K) 1 10 100

FIG. 6. (Color onling MagnetizationM versus temperature for
Lag Gdy sMnO3 as measured in an external field of 10 Oe. The data  FIG. 7. (Color onling MagnetizationM versus temperature for
were taken on cooling from room temperatgnéangles dowi At GdMnG; plotted on a double-logarithmic scale as measured in an
the lowest temperatures the magnetization was switched in an exxternal field of 1000 Oe. The eagyriangles up and the hard
ternal field of 50 kOe. TheM was measured on heatiligiangles  direction (triangles dowi, which split approximately at 20 K, are
up). The insets a, b, and c indicate the spin structure at the respeshown. The inset shows the ac susceptibility measured al@mgl

tive temperatures and cycle positions. within theab-plane at a dc field of zero and 1000 Oe at 3 measuring
frequencies of Xsolid line), 35 (dashed ling and 1000 HZdotted
created by the moments of the manganese sublattice. line). Perpendicular to the c-axis, no dependence on magnetic bias

Figure 6 shows the magnetizationM(T) for field or frequency can be detected.
Lay sGdy sMnO3 in more detail for heating and cooling. The
temperature cycles are indicated by arrows. Triangles dowsusceptibility along appears. In addition a shoulder at 18 K
denote the cooling cycle in an external field of 10 Oe. Atemerges in a magnetic bias field of 1 kOe. Both, field and
Tn=95 K, the onset of a spontaneous magnetization atong bias dependence cannot be found perpendicular to the
indicates the appearance of a canted antiferromagnetic struc-direction and can be explained by the dynamics of domains
ture of the Mn moments. Compensation due to the AFMcarrying a FM component irc-direction, present in the
alignment of the Gd spins occurs close to 25 K. In the magcanted AFM state, and corresponding saturation effects. To-
netization cycle, the magnetization now was switched tovard lower temperatures a peak or kink follows=at K.
positive values by an external magnetic field of 50 kOe, theBased on these susceptibility results one is tempted to de-
field was switched off again and then the sample was heateduice an ordering temperature 20 K for the Mn and 7 K
in a field of 10 Oe. As expectell is exactly reversed. The for the Gd sublattice. But that the sequence of magnetic or-
spin structures in the ordered phases including the spin redering transitions is even more complex will become clear
versal are also indicated in Fig. 6. from the heat-capacity measurements, which will be dis-

Turning now to the magnetism of pure GdAMgQrig. 7 cussed later.
shows magnetization versus temperature on a double- The complex magnetization of GAMR@s a function of
logarithmic scale. Above 100 K the magnetization revealdield is given in Fig. 8. An apparently paramagnetic magne-
the characteristics of a pure paramagnet and follows a CWization behavior at 30 Kwe will see later that at 30 K
law with a CW temperatur@=-35 K. Down to 20 K the GdMnGQ; has to be characterized as an antiferromagnet with
magnetization can well be described using a fit formula forthe hysteresis shifted to higher fieJdis followed at 24 K by
the high-temperature susceptibiliw=M/H) taking both a M(H) behavior, with the typical signature of a metamag-
sublattices into accourisee p. 87 in Ref. 23as shown as netic phase transition at 20 kOe. On decreasing temperatures
solid line in Fig. 3. Finally, alfco =20 K the magnetization this metamagnetic transition shifts toward lower fields and
reveals the onset of a significant anisotropy with a strong anbears the characteristics of a weak ferromagnet at 9 K. At the
abrupt increase in the easy directigmaxis) due to the ap- lowest temperatures, below the ordering temperature of the
pearance of spontaneous magnetization in the canted stated sublattice, a complex hysteresis loop develops with a
while M only increases weaker and continuously along theemnant magnetization which however remains small and is
hard direction(_Lc). A smeared-out peak indicates the onsetwell below 1 ug even at 1.8 K. This complex hysteresis and
of AFM long-range order of the Gd sublattice Bf;~7 K.  the small remnant magnetization signal show that at low
Corresponding results can be found in the ac susceptibilitfields (H<5 kO and low temperatured <6 K) both sub-
shown in the inset of Fig. 7. The anisotropic splittingygf ~ lattices are canted and the ferromagnetic components of the
parallel and perpendicular to thedirection can clearly be two sublattices are antiparallel to each other. As the magne-
observed. Belowl -, a weak frequency dependence for thetization always increases with increasing field to values well
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FIG. 8. (Color onling Magnetization along as function of the FIG. 10. (Color onling (H,T)-phase diagram of GAMNOThe

external magnetic field for a series of temperatures between 1.8 Kpin structures of the two magnetic sublattices are indicated.
and 30 K. The inset shows the hysteresis loops at low fields on an
enlarged scale.

this temperature no anomaly can be found in magnetic sus-
] ceptibility measurements. From this it becomes clear that this
above the value of the ordered moment of ¥rwe believe

> VITWE > anomaly does not result from the transition into the canted
that the FM component of the Gd spins points in the direc-a-type AFM phase, but has to be interpreted as the onset of

tion of the external field. At 50 kOe the magnetization of an incommensurate AFM Spin Struct&?ewhich gives no
GdMnO; reaches values slightly aboves, hence the man-  macroscopic FM moment. A further broad peak with a cusp-
ganese moments remain canted, reducing the ordered mgke anomaly appears at 7 K. On increasing magnetic fields
ment of Gd from 7ug to almost Sug. No indications for a  this low-temperature anomaly is shifted slightly to higher
further spin reorientatiogsuch as, e.g., a spin-flop transition temperatures and is smeared out gaining a much higher

of the Mn sping and no increase of the magnetization aboveyeight of entropy between 7 and 40 K on increasing fields.
M=6 ug/f.u. can be detected in fields up to 140 kOeTat

This Schottky-type contribution obviously results from the
=5 K (not shown.

\ . alignment of the Gd spins within the external field amplified
Figure 9 presents the results of the heat-capacity measurgy the effective field of the canted Mn-spin structure setting

ments in GAMnQ as function of temperature and field. The jn at T, ~ 20 K, as known from the susceptibility measure-

heat capacity, plotted a€/T, is shown for temperatures ments. In fields of 30 kOe and 50 kOe a further anomaly
T<70K, in external magnetic fields up to 50 kOe. A well- shows up close to 25 K, which is strongly dependent on the
defined heat-capacity anomaly, almost independent of the eXxternal field. It probably corresponds to the metamagnetic
ternal field, shows up close to 40 K. It has to be noted that afransition into a canted antiferromagnetic state visible in

M(H) in an external fielde.g., at 20 kOe and a temperature
of 24 K, as displayed in Fig.)8 Presumably it merges with
the Gd anomaly at lower temperatures at lower figtsthe
other hand we cannot exclude a strong reduction of this
anomaly with decreasing magnetic figl¢orresponding to
the observation that the hysteresis loops are shifted to low
magnetic fields at low temperaturésg. 8). For comparison

the dashed line in Fig. 9 exhibits tl&& T data for the com-
position Lg »:Gd,,gMnO5. Here the above described com-
plex findings are different. ATy=Tca=55 K a cusp-like
anomaly can be found which corresponds to the transition
into the canted AFM statésee Fig. 4. A shoulder in the
displayed temperature dependenc€o6T below T, and the

v strong increase toward low temperatures denote the polariza-
\_ " 155G, MnO, tion of the Gd spins within the effective field of the Mn
0.20 i 2'0 . 4'0 . 6'0 sublattice. But no evidence for a further magnetic transition

T of the Mn sublattice into an incommensurate phase was
found.

FIG. 9. (Color onling Heat capacity of GdMn@plotted asC/T From the ac- and dc-susceptibility measurements, the
as a function of temperature, measured at different external maghagnetization, and the heat capacity we can construct a de-
netic fields up to 50 kOe. The dashed line represents data fdidiled (H,T)-phase diagram, which is shown in Fig. 10. The
Lag ,sGd, 7sMNn0O; in zero external field. The inset shows the field paramagnetic regime of both sublattices above 40 K, is prob-
dependence of the heat capacity of GAMré@ T=26.5 K. ably followed by an incommensurate sinusoidat spira)
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o
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structure of the manganese mome(its analogy to results From the susceptibility and magnetization measurements of
for ToMnOs5° and 0-HoMnQ'?) and an almost paramagnetic the doped compounds, we provide clear experimental evi-
gadolinium sublattice. Macroscopically any FM componentdence for a ferromagnetic contribution of the magnetic order
of the sinusoidal Mn order is averaged out. This means thadf the manganese moments and for magnetic compensation
there is also no macroscopic net polarization of the Gd sitedue to the increasing influence of the Gd moments that are
induced by the sinusoidal structure of the manganese spinantiferromagnetically aligned in the internal field of the Mn
Toward lower temperatures this phase is followed by amoments. The experimental observation of magnetic com-
canted structure of the manganese moments exhibiting pensation and spin reversal clearly indicates the importance
small FM component, due to which the Gd spins are polarof spin canting of the manganese moments. Since the doping
ized antiferromagnetically. The FM contribution of the Gd is isovalent, double-exchange interactions cannot play any
spins is larger than the FM contribution of the canted AFMrole and spin canting probably results from the
state of the Mn spins, directing the Gd moments parallel tdzyaloshinsky-Moriya interactioff This canted A-type
the external field. Only for sufficiently low temperatures andAFM spin state persists for low temperatures within the
external magnetic fields the Gd sublattice itself can set up awhole concentration range.
additional antiferromagneti@Gd-Gd ordering, and we find Finally, for pure GAMnQ we observe a magnetic phase
a canted structure for both Gd and Mn sublattices, still antitransition at 40 K. We argue that below 40 K the manganese
ferromagnetically coupled. For higher external magnetionoments develop a sinusoidal or another complex spin order.
fields this state is suppressed. No polarization occurs at the Gd site and the Gd spins be-
have paramagnetically. Below 16—20 K, spin canting of the
manganese moments occurs, polarizing the Gdpins and,
IV. CONCLUSION for further decreasing temperatures, a weak ferromagnetic

We have presented a detailed study on single crystals dhoment _evolves. Finally, at 6.5 K due to the interaction of
La,,GdMnO; covering the complete concentration rangethe 4 spins, long-range order of the Gd moments evolves,
including pure GdMnQ. Structural, magnetic, electrical, and Yielding a canting of the Gd spins with a FM component
thermodynamic properties have been reported. The conceAntiparallel to the FM moment of the canted manganese
tration dependence of the lattice constants signals the irSPins. In finite external fields this state is suppressed: the
crease of orthorhombicity via a stronger tilting and buckling.canting angle of the Gd-spins is reduced yielding the full Gd
This results from the decrease of the tolerance factor via thB1oment in direction of the external fieijdeduced by the FM
substitution of the larger La by the smaller Gd ions. Themoment of the canted Mn-lattize
overlaying JT distortion and cor_respondlng orbital order does ACKNOWLEDGMENTS
not seem to be changed considerably. At low temperatures
the electronic charge transport is dominated by hopping pro- This work was partly supported by the Bundesministe-
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