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Magnetic anisotropy of the nickel-doped spin-Peierls cuprate CuGe®
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The magnetization of single crystals in the system,(GNi,)GeO; has been measured for compositions in
the range 0.008x=0.055. As the value oX is increased, the spin-Peierls transition temperatlicg) (de-
creases from 14.5 Kx=0.000) to less than 10 K fox>0.030. Forx>0.021, antiferromagnetic order is
observed, with the N temperature Ty) below 5 K. Significantly, the easy axis in the ordered state for Ni
doping is thea axis as opposed to theaxis, as observed for (Gu,M,)GeO; (M =Zn, Co, Mn. The angular
dependence of the magnetization was investigated, along with the spin-flop behavior, and values of the anisot-
ropy energy are reported as a function of doping level and temperature assuming uniaxial symmetry.
[S0163-182008)11117-7

I. INTRODUCTION However, there is another aspect of theeNstate which has
not been reported, as far as these authors know, and that is
The ternary oxide CuGeghas received considerable at- the change in easy-axis direction as a function of dopant. The
tention in the past few years because it was the first knowgasy axis for the antiferromagnetic ordered state in
inorganic spin-Peierls compouddThe crystal structure of (Cti-xM,)GeQ; is thec axis forM =Zn, Co, and Mn, and
CuGeQ was determined first by Mienkle et al,? and re-  thea axis forM =Ni. Since the Nel state forms with only a

cently reexamined by Hidaket ai® The compound is com- few percent of impurity spins, it is clear that the antiferro-
posed of chains of C{? spin-1/2 ions along the axis, lead- magnetically ordered state must include a large fraction of
ing to quasi-one-dimensional magnetic interactions. Thé;he remaining Cu ions. As a result, the magnetic anisotropy

o Dai L - Should depend in part on the local environment of the Cu
trademark feature of the spin-Peierls transition is a drop Ir|§ons, which does not change for different dopants. Therefore,

hain in order to form soin-0 dimer ur expgr'iment'eyl obser\_/ation that t_he easy axis is Qiﬁerent

chain In order to form sp ers. . when Ni impurities are introduced into the system is note-
.Unl|k.e the organic pompounds studied prewously, theworthy, reflecting the fundamental nature of the magnetic

spin-Peierls transition in CuGegCcan be studied through spin interactions in these materials.

doping on either the Cu site or the Ge site. Numerous reports 14 explore this strange result, we have studied the mag-

on the effects of doping have appeared in the literature, inpetic anisotropy of (CiL,Ni,)GeQ; through detailed mea-

cluding single-crystal experimental data and theoretical modsyrements of the spin-flop transition and the angular depen-

els. The copper-site substitutions investigated includé Zn,dence of the magnetization. In addition to the phase diagram,

Mg, Ni,® Co,” and Mn®® we report values of the anisotropy enerd§)(as a function
Since the ions mentioned above have spin- 0,0,1,3/2, angf doping level and scaled temperatui®¢T).

5/2, respectively, these substitutions are interesting because

they introduce nonzero magnetic moments in the orderedl. SAMPLE PREPARATION AND CHARACTERIZATION

spin-Peierls state. However, the spin of the in-chain dopant . . .
appears to play almost no role in the destruction of spin- The (Cu_,Ni,)GeQ, single crystals were grown using

. o he self-flux method, with a charge of 10 g. The constituent
Peierls order, for regardless of the dopant it is found tha{ S ) ;
replacing a relatively small fraction of the Ctiions sup- oxides: CuO, NiO, and GeQwere mixed and well ground

: . using an agate mortar and pestle. An additional 10% by mass
_pl)_reislelél';péaf%l;j)l(y;I(;1(t)r21§7case of cobalt doping for example, of CuO and NiO was added to act as the flux. The single
Sp_ . - . .

As the doping level is increased, magnetization data sho crystals were grown in a platinum crucible, by slow cooling

coexistence of spin-Peierls order and long-range antiferror o' 1170210 °C. Individual crystals were separated me-

magnetic order. As even more impurity moments are addecf;,hanlcally from thel meit. | hodi . |

the regions of their influence begin to overlap, and the sys- .A co(?lmerma wavelengtr Ispersive  electron
tem orders antiferromagnetically. The published phase diar_nlcroprob was used to determine the actual composition
grams which rely on magnetization datd indicate thafT, Of. the (CLLXN'X)GeQ" crystals. Each crystal was sampled
is suppressed rapidly for the same narrow range of compov—v'th 2=3 lines of 5-8 points. The data are §hown m_Elg. L
sitions in which Ty is increasing rapidly. A neutron- Unlike Co-doped crystals grown under similar conditiéns,

diffraction study® of Zn doping, on the other hand, indicates ("€ actual composition of the Ni-doped crystals is consis-
that the coexistence occurs for a wider range of compositently higher than the nominal composition.
tions, at least in the Zn-doped system.

The spin of the dopant is expected to play a more signifi-
cant role in the formation of the Teéstate, and in particular, The magnetization data as a function of temperature and

the magnitude oflTy, and its dependence on doping level. field were measured using a commercial superconducting

lIl. EXPERIMENT
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FIG. 1. The nickel doping level as measured by electron micro- emperature (K)

probe versus the nominal doping level for (CuNi,)GeG; single
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crystals. The error bars indicate the range of measured values. & '( Mo.97Nlg.0)G€0; () 2 wmoses] |
£ 32§ 25 b
quantum interference device magnetométeAll samples E 3 ]
were zero-field cooled to 1.8 K and measured in a magnetic_® j o ke
0 (CUy 99,Nig 005)Ge0,

field of 0.1 T. There is no evidence of hysteresis. For eachs
composition, the magnetization of a single crystal was mea-~
sured with the applied field directed along each of the three.::‘
principal axes, in turn. For the data reported here, the samplia [
masses range from 20 to 80 mg. Measurements of differen § 22¢
crystals from the same melt were found to be consistent with § 2
each other. The susceptibilities of (CyNi,)GeO; as a @
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Using a custom probe, the angular dependence of the sus-

ceptibility was studied below the e temperature, with FIG. 2. The a-axis magnetic susceptibility (8) of

measurements approximately every 10° between the princ{Cu, _,Ni,)GeQ, single crystals, where 0.08x< 0.056, showing

pal axes at 1.8 K withtH=0.1 and 2 T. These data are shown the antiferromagnetic ordering peak, and the spin-Peierls transition.
in Fig. 3. The mass of the (GW.Nig g59 GeO; single crystal  All compositions were measured with=0.1 T. A comparisor{b)

was 31.3 mg, while the mass of the (GHCOy 09 GeO; of the magnetic susceptibility with the applied field directed along
single crystal was 9.8 mg. each of the principal axes directions fare=0.008 (inse) and x

The magnetic-field dependence of these samples in the 0.030.
ordered antiferromagnetic state was studied in detail. Again,
the samples were zero-field cooled. Magnetization curvesition is apparent fox=0.030, although the susceptibility
from 0.0 to 5.5 T were measured every 0.25 K, from 1.8 K todata suggest that the spin-Peierls phase exists for higher con-
Ty, Which varies as a function of doping level. Near thecentrations. Either way, our data show an overlap region in
spin-flop transition, the magnetization was measured everwhich spin-Peierls and antiferromagnetic order are both ob-
0.005 T in order to determine the critical fieht}, . The molar ~ served, withTg>Ty.
susceptiblity as a function of applied field, withparallel to Our phase diagram for Ni-doped CuGg@&grees qualita-
each of the principal axis directions, is shown in Fig. 4 for atively with the results of other authofs?° although there
5.6% Ni crystal atT=2 K. The spin-flop critical field, as are small differences. The values Bf, as a function of the
determined from the data, is indicated in the plot. These datNi-doping level reported by Weid&rare consistently lower
are representative of the data for other Ni compositionshan our reported values. In addition, we observe antiferro-
which exhibit a low-temperature éphase; namely, fox  magnetic order at a lower Ni compositiofiy=2.0 K for x
=0.021. =0.021.

Of the compostitions we measured, theeNeemperature
reaches a peak value of 4.0 K for=0.034, and decreases for
higher compositions. This feature is present in other pub-

The magnetic phase diagram as determined by the suscelshed phase diagrams, and is due to frustration. Once the
tibility measurements is shown in Fig. 5. The spin-Peierlsaverage nickel spacing is comparable to the length scale of
and Nel phases are labeled. Both the spin-Peierls temperahe induced magnetic moment surrounding each nickel, the
ture and the Nel temperature were determined by the inter-system orders antiferromagnetically. Adding more nickel re-
section of linear fits to the data on either side of the transisults in competing exchange interactions, and thel em-
tion. As the plot shows, the system ordersperature decreases.
antiferromagnetically fok=0.021, and the spin-Peierls tran-  The anisotropy of the susceptibility for the system has

IV. ANALYSIS AND DISCUSSION
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FIG. 4. The susceptibility as a function of field B2 K for a
(Cuy 9aNig 959 GeG; single crystal aligned with magnetic field par-
allel to each of the three principal axes, in turn. The spin-flop tran-
sition occurs withH||a, at a critical field of about 1.205 T.

distortion, it is not unreasonable for the magnetic anisotropy
to be different above and beloWsy,.

As shown in Fig. 8a), the molar susceptibility as a func-
tion of angle for a (CglgadNig 59 GEO; single crystal con-
firms that thea axis is the easy axis wheH<H.. The
susceptibility varies smoothly between the@ndc axes, and
the a and b axes. Similar results are found for other Ni
compositions. In addition to these results at 1.8 K, measure-
ments were made at 5 and 50 K, with similar results. Also,
data for a (Cyqo/C0y g9 GeQ; single crystal are shown in the
inset of Fig. 3, to highlight the different easy-axis direction

FIG. 3. The molar susceptibility as a function of angle betweenfor different dopants.

the principal axes for a 5.6% Ni-doped CuGggingle crystal. The
applied field was 0.1 T ita) and 2 T in(b), and the measurements

These measurements were repeated with an applied field
of 2 T, which is well above the observed spin-flop critical

were made at 1.8 K. The inset plot {g) is the susceptibility as a field for (Clp gadNig 050 GeQ; at 1.8 K. As shown in Fig.

function of angle for a 3% Co-doped CuGg€ingle crystal.

3(b), with H>H_, there is a minimum in the susceptibility

two notable qualitative features, which are exemplified in
Fig. 2b). First, whether or not this compound is doped, we
observe temperature-independent magnetic anisotropy. F
example, the susceptibility with the field directed alonglthe
axis is greater for all compositions, but has the same shape as
the susceptibility measured along at least one of the other
axes. This temperature-independent anisotropy is evident it
the pure CuGe@data published by Hage.

Second, in the temperature randg,<T<100 K, the s
c-axis Ni-doped data have a more negative slope than thez -
other two directions, decreasing from near thaxis value at " 10
Tspto near thea-axis value forlT>60 K. This feature, which
is temperature dependent, becomes more prominent with in
creased Ni concentration. The inset of Figb)2shows that

nearly the same with the applied field directed along each o=
the three principal axes. In contrast, for higher concentra-
tions, such as the 3.0% Ni data shown in Fifh)2the c-axis
susceptibility differs markedly from the other two directions.

at about 40° between treeandb axes, andh andc axes. A
possible interpretation is as follows. With the applied field
grreater than the critical field, and parallel to theaxis, the
spins flop away from tha axis. As the crystal is rotated, the
component of the field parallel to the axis decreases. Be-
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This decrease in the-axis susceptibility suggests a change 0
in the easy axis, from tha axis to thec axis. Measurements
of the susceptibility as a function of angle betweendtend

¢ axes confirm that at 20 Ky,<x., whereas the reverse is

Nickel Concentration, x

true at 100 K. Since the spin-Peierls transition is a latticesystem as determined by magnetic susceptibility data.

FIG. 5. The magnetic phase diagram of the {CiINi,)GeC;,
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W T T T T ] with increased Ni concentration. This is to be expected, since
L (Cuy (Ni )GeO, ] for pure CuGe@, and (Cy_,M,)GeQ;,, with M=2Zn, Co,
g [ o 2.2% i and Mn, thec axis is the easy axis. Nickel impurities cause

[ —=—3.0% 1 the system to order with tha axis as the easy axis, so
increased nickel impurities will increase the anisotropy en-
ergy.

These values of the anisotropy energy, which we deter-
i mined through measurements of the spin-flop critical field,
] are quite low compared with the exchange energy along the
c axis in pure CuGe@ Nishi et al'® measured a value of
J.=10.4 meV, withJ,~—0.01]; andJ,~0.1].. Since the
[ ] interchain exchange constaidtsandJ, are much smaller, it
ot is not meaningful to compare the anisotropy energyl to
0 0.5 1T - 11-(5 2 2.5 Using the Nel temperature as a crude estimate of the ex-

NT (K) change coupling leading to long-range antiferromagnetic or-

FIG. 6. The anisotropy energy as a function of the scaled temger’ one would expect exchange coupling on the order of

perature Ty-T) for various nickel concentrations. The values were 0.26 meV (I;|N~3 KNOdZG rr;e\}. bSlnce afnlsotroozy enelrlgles
calculated, assuming uniaxial symmetry, from the measured susce re generally expected to be about a factor dta _er
tibility along the principal axes, and the measured values of théhan the exchange enerfypur reported values of anisot-

spin-flop critical field,H, . There is one magnetic ion per formula 0Py of Ni-doped CuGe@are reasor!aple, especially since
unit for (Cu,_,Ni,)GeO,. the measurements &f. were done within a few Kelvin of

the Neel temperature.
cause the spin-flop transition is driven by a competition be-

- —2—3.4%
6 ——56%

K (10°° meV/magnetic ion)

tween the Zeeman energy and the anisotropy energy, at some V. CONCLUSIONS
point, realignment with the axis will be energetically fa- o ) ]
vorable. We have measured the magnetization of single crystals in

It is not surprising that replacing only a few percent of thethe (Cu_xNi,)GeG; system as a function of temperature,
Cu ions with impurities leads to ¢ order, since one- Magnetic field, and angle between the principal axes. The
dimensional systems are relatively unstable. The fact that th@agnetic phase diagram, as determined from the susceptibil-
easy axis changes with different impurities at low concentraily Versus temperature data, agrees qualitatively with other
tions implies that single-ion anisotropy plays an importantPublished reports for nickel doping. With measurements of
role in determining the magnetic properites of the dopednagnetization versus angle, we have confirmed that in the
CuGeQ system. ordered antiferromagnetic phase, thexis is the easy axis

In order to further investigate the anisotropic nature of thefor nickel doping, which differs from the axis as the easy
(Cu;_4Ni,) GeQ, system, we have made a detailed study of2xis observed for several other dopants: Zn, Co, Mn. We
the spin-flop transition. With the assumption of uniaxial ©bserved temperature independent, and dependent anisotropy

symmetry, the anisotropy energi() can be expressedds i the susceptibility data, and suggested that the latter may be
associated with a change in easy-axis direction. We have

Hg(h—x”) calculated the anisotropy energy from measurements of the
Ke———. (1) spin-flop transition temperature, and found that the anisot-
ropy energy increases for increased nickel doping. The
whereH, is the spin-flop critical field,y, and x| are the unique magnetic anisotropy of the &lephase of Ni-doped
magnetic susceptibilities perpendicular and parallel to theCuGeQ is most likely caused by the single-ion anisotropy of
easy axis, respectively. For our analysis, we tiketo be  Ni*? impurities, however, this needs to be confirmed both
the midpoint of the transition, as determined by linear fits totheoretically and experimentally.
the molar susceptibility data fad<H, andH>H_. This Note added in proofKoide et al. [Czech. J. Phys46,
point coincides with a local maximum M/dH. To deter-  (S4), 1981(1996] also report that the easy axis for nickel-
mine (x, —x|), the rawb-axis andc-axis susceptibilitiesf,  doped CuGe@is thea axis.
and x.) were shifted by a temperature-independent constant
so that the susceptibility along all three directions coincides
for T>Ty.
Shown in Fig. 6 is the anisotropy enerffyfor x=0.021 This research was supported by the National Science
as a function of Ty-T). The anisotropy energy increases Foundation, under Grant No. DMR-97-01735.
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